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ABSTRACT
The machair systems of the Outer Hebrides of Scotland are renowned for the diversity and conservation value
of their plant communities. However, machair systems have a restricted distribution and are prone to
disturbance from both anthropogenic and environmental sources. The effects of two major anthropogenic and
environmental disturbances (agriculture and burial by wind-blown sand) on the Kildonan and Drimsdale
machair systems on South Uist, and the dynamic responses of machair vegetation to these human and natural
agencies were described and quantified. The investigated machair systems comprised a diversity of sand
dune, grassland and marginal vegetation types which were spatially distributed along a primary environmental
gradient of soil organic matter, soil moisture and soil pH. Vegetation types influenced by the effects of
cultivation, notably potato-bed successions, abandoned field systems and fallow areas were also a
conspicuous component of the Kildonan and Drimsdale machairs.
Re-vegetation following cultivation occurred primarily through vegetative processes. Sexual reproduction via
seed within different machair vegetation types was limited. The numbers of viable seeds recorded from
machair seed banks ranged from 7 m soil in foredune vegetation to 58 m soil in newly-ploughed cereal
land. Densities of viable seeds recorded from the machair seed rain ranged from 2 m soil in the dune slack
to 24 m soil in a potato patch, fallow for two years. These values represent the first estimates of the size of
machair seed budgets.
Glasshouse-based burial experiments examined the effects of inundation by sand on four machair vegetation
types. Foredune grassland, dune slack, three-year fallow grassland and unploughed grassland vegetation
exhibited the capacity to survive and re-emerge from both intermittent and single depositions of sand. In
terms of effects on plant frequency, intermittent burial by five depositions of 1cm of sand was more damaging
than a single deposition of 5cm. However, all vegetation types responded to both intermittent and single
burial events primarily through a change in the number of individual plants, rather than through a change in
the number of plant species. Five different responses to burial by sand were identified for machair species.
The suspension of photosynthetic activity and the maintenance of a low dark respiration rate were identified
as important physiological responses to burial. Photosynthetic activity of machair vegetation was resumed on
denudation, indicating the existence of an elastic physiological response to burial.
Ecological processes in the dune slack habitat and the responses of slack vegetation to its dynamic
environment were subtly different to those characterizing the other investigated sub-communities. These
differences were attributed to the fact that machair slacks are characterized by an historical ecology distinct
from that of other areas of the machair system. It is suggested that the formulation of effective management
plans and conservation strategies for the machair systems of the Outer Hebrides ultimately lies in an
understanding of their historical ecology, and in their past management and environmental histories.
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CHAPTER 1
GENERAL INTRODUCTION
1.1 INTRODUCTION
The islands of the Outer Hebrides have long-been recognized as an important area for the
study of geography, geomorphology, zoology, botany and ecology. In particular, the
extensive sand dune systems and their associated machairs that dominate the west coasts of
the islands, are considered to be an integral part of the Hebridean natural environment and
have held a special fascination for scientists of all disciplines for over 150 years (Owen et
a!., 1996). These machair systems are rare within both a global and European context.
Angus (1994) estimates that the world-wide distribution of machair is limited to c.30,000-
40,000ha. The majority of this machair (26,700ha) is located in Scotland, with the largest
single area (6,000ha) being found on the islands of the Outer Hebrides. The Outer
Hebrides may, therefore, be considered the single most important area for the study of
machair systems.
A combination of various environmental and historical factors, including an oceanic
climate and traditional land management practices, has led to great biological diversity
within the machair systems of the Outer Hebrides. This diversity is reflected by the
designation of numerous nationally- and internationally-recognized conservation sites
which incorporate machair. The scientific importance of the bird and invertebrate
communities and the vegetation and geomorphology of the 1-lebridean machair systems has
prompted the designation of some thirty Sites of Special Scientific Interest (SSSI), two
National Nature Reserves (NNR), and two National Scenic Areas (NSA). In addition, in
1988 the machairs of North and South Uist, Benbecula, Barra and Vatersay were given
Environmentally Sensitive Area (ESA) status (D.A.F.S., 1989; Boyd and Boyd, 1990;
Angus, 1994; 1996).
However, with particular relevance to this thesis, the machairs of the Outer Hebrides are
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perhaps most famously renowned for their unique botanical richness, and notably for the
colourful plant communities which carpet the machair grasslands during the summer
months.	 Their rarity, diversity and botanical significance, in addition to their
geomorphological, archaeological and landscape importance, lends the machair systems
great conservation value (McKirdy and Foxwell, 1985; Angus, 1994; 1996). However,
environmental and increasing anthropogenic interference warrant an immediate need for
the development of suitable conservation strategies for these unique Hebridean machairs.
Effective conservation management of an endangered ecosystem must be based upon a
sound knowledge of the processes operating within that environment, in addition to an
awareness and appreciation of its earlier development and evolution (Moss and Dickinson,
1979). Human populations and environment are believed to have played a significant role
in shaping the origin and development of machair systems (Boyd and Boyd, 1990;
Gilbertson et a!., 1995; 1996a; Angus, 1996). Understanding natural and anthropogenic
disturbance is, therefore, a critical element in reaching a full cognisance of machair
ecological processes. However, there has been no previous research to quantify the
responses and adaptations of machair plant communities to the effects of natural and
anthropogenic disturbance. This thesis represents the first study of such impacts on the
vegetation of Hebridean machair systems. Ultimately, reaching an understanding of the
responses of machair plant communities to their dynamic environment will be a crucial key
to the successful long-term environmental management, conservation and preservation of
machair systems.
Recent years have seen an increase in environmental, ecological and historical interest in
the machair (Ranwell, 1974a; 1977; 1980a; Royal Society of Edinburgh, 1979). However,
although the phytosociology of the Hebridean machairs has been relatively well
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documented (Dickinson et a!., 1971; Dargie, 1993; Gilbertson et al., 1994; 1995; Kent et
a!., 1994; 1996; Owen et a!., 1998), very little is understood of the ecological processes,
plant ecophysiology and plant community dynamics that maintain machair systems. The
research presented here aims to augment knowledge and understanding of these critical
ecological processes in order to provide a firm scientific basis for the effective
conservation of machair systems.
The machair systems of the Outer Hebrides are undoubtedly prone to disturbance by, and
consequently are under threat from, both natural and human agencies. Erosion of coastal
dunes as a result of the extreme climatic environment of the Outer Hebrides is the most
common natural disturbance on the machair (Angus and Elliot, 1992). Anthropogenic
disturbances are chiefly due to agricultural activities including ploughing for cultivation of
cereal crops and digging of 'lazy-beds' for potato production. Although the traditional
crofting practices which operate in the Outer Hebrides are fundamental to the creation of
species-rich sub-community types (D.A.F.S., 1989; Angus, 1996), changes in agricultural
practices may accelerate natural erosional processes on the machair (Gilbertson et a!.,
1996b). The deflation of dunes during severe storms and winter gales, in conjunction with
inappropriate agricultural methods, leads to widespread sand-blow, re-deposition of sand
and subsequent burial of the machair vegetation. The majority of machair species are
assumed to be adapted to, and are capable of surviving, these burial processes. However, it
is hypothesized that there is a critical depth of burial through which machair vegetation can
no longer re-grow (Gilbertson et a!., 1995; 1996b). Burial beyond such a critical level
results in the trapping of organic horizons within the sand and the consequent development
of the phenomenon described as 'machair stratification' (Gilbertson et a!., 1995; 1996b).
The origins of machair stratification are not fully understood and this thesis partly aims,
therefore, to examine the contemporary environmental and anthropogenic processes that
4
are believed to result in machair stratification.
1.2 AIMS
The central aim of the research was to reach an understanding of the ecology and
community dynamics of selected machair sub-communities in response to anthropogenic
and environmental disturbance. This primary aim was achieved by satisfying a number of
convergent objectives:
i) description and definition of machair plant communities and sub-communities and their
spatial distribution in relation to local environmental gradients at two field sites in the
Outer Hebrides,
ii) phytosociological classification of machair vegetation types influenced by cultivation
and characterization of the vegetation processes of cultivated and non-cultivated machair,
iii) determination of the effects of burial by sand on the immediate survival and long-term
photosynthetic functioning of selected machair sub-communities,
iv) description of the dynamics of machair soil seed banks and seed rain and an assessment
of their potential as sources of propagative materials for re-colonizing bare sand surfaces
following anthropogenic and environmental disturbances.
1.3 OUTLINE OF THESIS
Background information, essential to a full appreciation of the research presented in the
thesis, is submitted in Chapter 2 in the form of a review of literature. The review
comprises four main sections:
i) the natural environment of the Outer Hebrides is discussed, with particular attention paid
to their geography, climate, geology, soils and vegetation,
ii) machair is placed in the context of other coastal systems through a review of literature
relating to the scientific study of the sand dune habitat,
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iii) literature pertaining to the distribution, origin and development, soils and vegetation of
the machair ecosystem is reviewed,
iv) finally, the implications of human and environmental disturbances for Hebridean
ecosystems are described. Particular reference is made to the problems of agriculture,
erosion and the management and conservation of machair systems in the Outer Hebrides.
Field site selection and description is set out in Chapter 3. The rationale for choosing each
field site is discussed with reference to its vegetation, geomorphology, agricultural
management and conservation importance. The results of extensive vegetation and
environmental surveys at both sites are also presented and discussed in Chapter 3.
Quantitative plant ecology techniques were used to describe and define plant community
types, and to identify a small number of representative machair sub-communities which
would be suitable for further, more detailed investigation of ecological processes in the
ensuing chapters.
The effects of cultivation on machair vegetation are described in Chapter 4. Plant micro-
and macro-associations are described from areas of machair cultivated for the production of
potatoes for domestic use and for cereals, respectively. Vegetation processes in areas of
ploughed and unpioughed machair are documented. The prevalence of propagation by seed
in machair species, and its potential role in re-colonization following natural and human
disturbance, is unknown. The dynamics of the seed banks and seed rain of selected
machair sub-communities are discussed in Chapter 5.
Chapters 6 and 7 investigate the effects of burial by sand on the quantitative and qualitative
species composition and physiology of machair vegetation. Chapter 6 assesses the burial
tolerances of selected sub-communities, whilst Chapter 7 discusses photosynthetic
6
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adaptations to burial by wind-blown sand. Chapter 8 discusses the findings of the research
in relation to the restoration and conservation management of machair vegetation.
The structure of the thesis is presented diagrammatically in Figure 1.1.
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CHAPTER 2
THE NATURAL ENVIRONMENT OF THE OUTER
HEBRIDES, WITH PARTICULAR REFERENCE TO THEIR
COASTAL SAND DUNE AND MACHAIR COMMUNITIES
2.1 INTRODUCTION
This chapter reviews the available literature pertaining to the scientific study of the
environment and ecology of the Outer Hebrides. The geography, geology, climate,
pedology and botany of the islands are discussed. Particular reference is paid to the
machair habitat: its distribution, origins and development. Soils and vegetation are
described, together with the implications of human and environmental interference for the
machair ecosystem. A general review of the coastal sand dune habitat aims to facilitate an
understanding of the review of literature relating to machair presented here and to place
Hebridean machairs in the context of other coastal dune systems. The discussion is clearly
limited by time and space and the account presented here is far from exhaustive. Although
abiotic factors, including geomorphology, soils and water relations of the dune
environment are discussed, greatest emphasis is placed on dune ecology. The botany,
management and conservation importance of coastal dunes are described in detail.
2.2 THE OUTER HEBRIDES
2.2.1 The geography of the Outer Hebrides
The archipelago known as the Outer Hebrides is comprised of an approximately 200 km-
long chain of islands stretching from the Butt of Lewis in the north, to Barra Head in the
south (Figure 2.1). Separating the islands from the Inner Hebrides and the mainland of
Scotland to the east, are two interconnecting sounds: the Sea of the Hebrides in the south
and the North Minch in the north. The total area of the islands is estimated at 300,000ha
(Robertson, 1982), although only sixteen of the one-hundred and nineteen named islands
are permanently inhabited (Boyd, 1979). The principal islands are Lewis and Harris, North
Uist, Benbecula, South Uist and Barra. Ritchie (1991) has described the characteristic
east-west geomorphological and geographical distinctions on these larger islands that are
distinctive for their low Atlantic coastlands, machair land and crofis to the west, and the
9
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more mountainous areas to the east.
In terms of the human geography of the Hebrides, situated on the east coast of the Isle of
Lewis, Stornaway is the largest human settlement on the Western Isles. Serving as a centre
for administration, marketing and transport, the population in the 1981 census was
recorded as 6,359 (Ritchie, 1991). The remainder of the islands' population of 31,800
(Ritchie, 1991) is distributed in much smaller units, resulting in large uninhabited expanses
of area, and a low population density. The 1-lebridean economy is largely supported by
fishing, agriculture in the form of small crofts, tourism and weaving. Other important
industries include the use of sheltered bays and small sea lochs as sites for salmon farming
(Boyd and Boyd, 1990).
2.2.2 The climatic environment of the Outer Hebrides
The climatic environment of the Outer Hebrides has been extensively discussed, notably by
Manley (1979), Boyd and Boyd (1990) and Angus (1991, and references therein).
Meteorological measurements have been taken at Stornaway since 1865 (Manley, 1979),
although recordings taken by workers at airports, lighthouses and nature reserves have also
proved invaluable in reaching an understanding of weather systems on the islands (Boyd
and Boyd, 1990). Exposure to the Atlantic Ocean has a marked effect on the Hebridean
climate. Prolonged periods of snow and frost are relatively rare; on average, snow falls on
33 days yearly, although snow cover does not usually last for more than one or two days
(Manley, 1979). Precipitation in the form of rain, however, can be persistent, with 263
days of the year recorded as having >02mm of rainfall (Manley, 1979). October to
January are the wettest months (10-12% of the year's total rainfall per month), while May
and June are both the driest and the sunniest (Angus, 1991). With mean daily temperatures
of 129°C, July and August are generally the warmest months. Annual temperature ranges
11
are in the region of 88°C; one of the lowest ranges in Britain.
Arguably, the dominant climatic factor on the Outer Hebrides is the strong prevailing wind
that originates from the south and south-west. Gales frequently occur on 50 days or more
in a year and the months of December and January show the highest frequency of gale-
force winds. It is, therefore, unsurprising that experiments with wind generators are
already in existence (Boyd and Boyd, 1990). One of the most striking ecological effects of
these high wind speeds is the treelessness that is often associated with the Western Isles.
Boyd and Boyd (1990) list the effects of wind, salt and waterlogging as three of the most
important factors reducing the colonization by trees in the Hebrides. Randall (1974)
studied airborne salt deposition and its effects upon coastal plant distribution in the
Monach Isles. He concluded that high concentrations of airborne salt, due to high wind
speeds in the summer months, may have major influences on plant species distribution.
The impact of wind-blown sand on the Hebridean landscape and on the ecology and
physiology of its coastal vegetation is a further important effect of the maritime climate and
is considered in detail in Chapters 6 and 7.
2.2.3 Geology
The combination of geological factors that together produce the characteristic topography
of the Outer Hebrides have been well documented (e.g. Smith and Fettes, 1979; Boyd and
Boyd, 1990; Gribble, 1991, and references therein). Excepting the major emplacements of
granite in Harris and south Lewis, the "subdued and undulating" Hebridean landscape
(Gribble, 1991, p.l'7) can be attributed to the 3,000 million year old Lewisian gneiss of
which the islands are primarily composed (Boyd, 1979). The Lewisian complex was built
by a series of geological processes that can be broadly divided into two events: the
Scourian and the Laxfordian. Spanning geological time from 2,200 to 1,600 million years
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ago, the Laxfordian sequence was terminated by a great thrust known as the Outer Hebrides
Thrust or Fault (Smith and Fettes, 1979). The Outer Hebrides Thrust runs north-east to
south-west and can be recognized at the present day in the mountainous areas of the Uists
and along the eastern seaboard of the entire Hebridean chain (Smith and Fettes, 1979).
Flail (1996) presents a detailed review of the Quaternary geomorphology of the Outer
Hebrides.
2.2.4 Soils
Although the rocks which underlie the Outer Hebrides are of great age and the geological
time represented within them is one of the greatest in Britain, the Hebridean soils are of
relatively recent origin. Glentworth (1979) recorded six factors which are considered to
play a dominant role in the formation of the soils of the Outer Hebrides: age of soil,
geology, climate, topography, vegetation and anthropogenic impacts. Undoubtedly, the
most extensive soil types in the Outer Hebrides are peats and peaty gleys (Hudson, 1991).
Smith and Fettes (1979) have attributed the characteristic ubiquity of these thin acidic soils
to the resistance of the hard Lewisian gneiss to weathering. A full account of the soils of
the Outer Hebrides is given by Glentworth (1979).
2.2.5 Vegetation of the Outer Hebrides
Because of their geographical position at the extreme western edge of the Eurasian
continent, the Hebrides are acknowledged as an important area for the study of many
scientific disciplines. However, they are perhaps most famously known as sites of special
interest for their flora and fauna. The islands have a long history of research by scientists
and amateur naturalists alike. Boyd (1983), Boyd and Boyd (1990) and Currie (1979;
1991) have chronicled the development of the botanical and zoological sciences in the
Hebrides, from the earliest written accounts to the present day literature. Currie (1979) and
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Currie and Murray (1983) catalogued the existing research and reviewed the present state
of knowledge of the flora of the Outer and Inner Hebrides, respectively. General accounts
of the flora and vegetation of the islands exist, for example, for the Monach Isles (Perring
and Randall, 1972); Barra (MacLeod, 1948) and Lewis and Harris (Riedi, 1979). A
contemporary flora of the Outer Hebrides is provided in Pankhurst and Mullin (1991).
The vegetation of the coastal, wetland, peatland, woodland and upland habitats of the
Hebrides show strong maritime influences and are frequently dominated by oceanic species
and communities. Although few detailed accounts of the phytosociology of these major
Hebridean plant communities exist, it is known that the southern islands, in particular, are
characterized by a transition of habitat from the west to the east along the line of the
prevailing wind and the influence of sand (Boyd, 1979). Gilbertson et al. (1994) described
the plant communities of the Tangaval Peninsula on the island of Barra and concluded that
the variation shown by the communities of Tangaval reflected the variation typical of the
whole of the southern Outer Hebrides; there is a marked contrast between the acidic upland
communities to the east and the coastal communities of the dunes and alkaline machair
sands to the west. Kent et a!. (1994) studied the vegetation of the island of South Uist, and
also remarked on the distinct contrast in the biology and soil characteristics of the upland
and lowland communities.
Birks (1991) has reviewed a number of palaeoecological studies designed to reconstruct the
vegetational history of the islands of the Outer Hebrides from before the late-glacial [before
13,500 years Before Present (B.P.)], through the late-glacial (13,500-10,000 years B.P.) to
the Holocene or post-glacial (10,000-0 years B.P.). Before c. 10,000 years B.P., the Outer
Hebrides were dominated by arctic-alpine species which survive today only on the high
peaks of Beinn Mhor, Hecla, Ben Ruaval and Heaval (Gilbertson et al., 1994; Kent et a!.,
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1994). This arctic-alpine dominance ended c.8,000 years B.P., when a number of tree
species entered the Hebridean flora (Gilbertson et a!., 1994).
Although most authors (e.g. Bennett, 1989; Bennett et al., 1990; Birks, 1991) agree that,
during the Holocene, the Hebridean flora was characterized by tree and shrub species
including, for example, Pinus sylvestris L.', Quercus L., Ulmus glabra Huds. and Alnus
glutinosa (L.) Gaertn., the contemporary Hebridean vegetation is distinctively treeless.
Birks (1991) attributes the relatively poor contemporary botanical diversity of the Hebrides
to a floristic and vegetational history which has been characterized by a "progressive
impoverishment". Birks (1991, and references therein) suggests extensive podsolization
and bog development, major climatic changes, particularly an increase in the frequency of
storms, and increased human impact since c.4,000 B.P., as major factors in the
impoverishment of the Hebridean flora.
Further, more site-specific considerations of Hebridean vegetational history are given, for
example, by Bennett et a!. (1990), Gilbertson et a!. (1994), Kent et a!. (1994), Fossitt
(1996) and Brayshay and Edwards (1996).
2.2.6 Dunes and machair
The Outer Hebrides have a coastline of approximately 1,800km, the main geological and
geographical features of which have been discussed by Steers (1973). The west coast of
the archipelago is characterized by vast ranges of sand dunes which extend from Eoligarry
on the Isle of Barra, northwards to the banks of Luskentyre in south Harris (Boyd, 1979).
These dunes which dominate the west coast are comprised of a calcareous shell-sand,
which has been largely formed from solution in the sea through the activity of marine flora
'Nomenclature follows Stace (1997) for vascular plants, Watson (1981) for bryophytes and Dobson (1992) for lichens
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and fauna. The importance of the distinctive range of beach systems that have developed
in the Western Isles is highlighted by the fact that, of the 56,000ha of duneland in Great
Britain, the largest single area is found in the north-west of Scotland (Doody, 1985b). A
sample inventory of Scottish coastal dunes and their vegetation was undertaken by the Joint
Nature Conservation Committee (JNCC) between 1987 and 1991, as part of their 'Sand
Dune Survey of Great Britain' (Dargie, 1993; Section 2.3.3). Thirty-four dune sites,
totalling 9,641 ha, were surveyed in Scotland. Of these thirty-four sites, fourteen (1 ,272ha)
occurred in the Outer Hebrides (Dargie, 1993).
The JNCC report involved the mapping and description of the vegetation of a number of
representative dune areas using the National Vegetation Classification (NyC). In addition
to the five main types of coastal dune system recognized by Ranwell and Boar (1986)
(Section 2.3.1), the SNCC survey recognized an extreme form of hindshore dune in the
Outer Hebrides; the machair. These machairs are widespread on the west coasts of the
Outer Hebridean islands and have long-been considered as an integral part of their natural
environment (Figure 2.2). The main features of the Hebridean machairs are discussed in
Section 2.4.
2.3 THE COASTAL SAND DUNE HABITAT
2.3.1 Introduction
Within the British Isles, the distribution of coastal duneland is largely restricted to north-
western and south-western England, Wales, eastern Scotland, Orkney and the Western
Isles. North-west Scotland has the largest area of duneland, which can largely be attributed
to the considerable areas of machair associated with this region (Section 2.2.6). The east
coast of Scotland is characterized by the presence of evenly-scattered dune systems. A
similar pattern is recognized on the English coasts, although areas within the north Norfolk
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coast, in particular, are identified as nationally important dune systems. Dune areas in
Wales are of particular interest because systems in the south of the region have withstood
the pressures of industrialization, urbanization and afforestation (Doody, 1 985b; Dargie,
1995; Section 2.3.6). Globally, the principal coastal dune systems are those which occur
on the Atlantic seaboard of Europe, exposed to the dominant west winds. The coasts of
Denmark, the Netherlands, Picardy, central and south-west France, and western Spain, all
possess spectacular sand dune systems (Gehu, 1985).
Sand dunes are often important habitats for Britain's fauna. Many sites are prominent
breeding grounds for birds such as the eider duck (Somateria mollissima L.) in north-east
Scotland and the shelduck (Tadorna tadorna L.). The dune habitat may also play host to
colonies of nesting gulls and terns (Families Laridae and Sternidae, respectively). The
relatively warm dry dunes of the North Sea coast are favourite locations for the sand lizard
(Lacerta agilis L.) and the natterjack toad (Bufo calamita L.). Throughout Britain, dunes
are an entomological haven for a variety of butterflies e.g. the common blue (Polyommatus
icarus Rottenburg), the marbled white (Melanargia galathea L.) and the dark green
fritillary (Argynnis aglaja L.). Coastal dunes may also be frequented by a miscellany of
other invertebrate species including carabid (Carabidae) and scarab (Scarabaeidae) beetles
(Packham and Willis, 1997).
Coastal sand dunes are also important because of their geomorphological value. Ranwell
and Boar (1986) recognized five major types of coastal dune system, each distinguished by
the specific topography and climate of the areas of dune formation. The five types of dune
system identified by Ranwell and Boar are:
• offshore island dunes,
• prograding ness dunes,
• spit dunes,
• bay dunes,
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• hindshore dunes.
Generally resting on coarse, freely draining deposits such as sand or shingle, offshore
island dunes are formed under high wave energy conditions and are best exemplified by the
dune systems of the Friesian islands off the Danish, German and Dutch coasts. The eastern
coast of Britain, where the wind blows offshore and where there is an abundant supply of
sandy sediments is characterized by prograding ness dune structures. Spit dune systems,
being relatively common, are one of the most highly variable systems. Spits most
frequently develop at the mouths of estuaries and are most readily distinguished by their
fan-like series of dune ridges and associated dune slacks. Ranwell and Boar classify the
bay dune as the most frequent dune system type, characterized by a single narrow strip of
dunes developing at the rear of a bay. Bay dunes are often associated with the rocky
coastline of South Wales, north-east England and Scotland. Wind is the most important
factor in the development of hindshore dune systems: they most frequently form on western
sandy coasts where the prevailing wind is also the dominant wind e.g. Braunton Burrows in
North Devon and Newborough Warren on Anglesey.
2.3.2 Formation and growth of the sand dune system
Sand dunes originate when large-particled, coarse sediments are transported by wind
energy. However, the mechanisms involved in dune formation are highly complex and the
existing literature relating to dune-building processes is extensive (see, for example, Pye
and Tsoar, 1990). A comprehensive account of the dynamics of dune formation, including
the physics of sediment supply, wind flow and sand transport is, therefore, beyond the
scope of this review. These aspects of dune formation are fully discussed, for example, by
Bagnold (1941), Krumbein and Slack (1956), Ranwell (1972), Pethick (1984), May (1985)
and Anderson (1989). A brief summary of the role of vegetation in dune growth and the
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consequent general zonation of the dune system into strandline, embryo dunes/foredunes,
mobile/yellow dunes and fixedlgrey dunes follows.
Initial accumulations of wind-blown sand are often collected around piles of tidal debris,
tossed onto the strandline by rough seas during autumn and winter storms. Decomposing
and deteriorating litter provides nutrients and shelter for the first annual strandline species,
usually Cakile maritima Scop. and Salsola kali L., which, through their fleshy leaves,
extensive root systems and internal water storage mechanisms, are ideally adapted to the
strandline environment. Both species accumulate sand around their lower branches,
trapping wind-blown sand in hummocks and providing a niche for colonization by the
more permanent dune grasses, which have greater powers of emergence through buried
sand (Gimingham, 1964). In north-west Europe the embryo dunes are usually fixed by
Elyrrigiajuncea (L.) Nevski and Leymus arenarius (L.) Hochst. both of which can tolerate
salinities up to sea-water strength. Both species withstand the effects of sand accretion
through extensive horizontal growth and the ability to spread vegetatively via rhizomatous
portions (e.g. Nicholson, 1952; Salisbury, 1952; Gimingham, 1964; Doody et al., 1993).
These species, however, are not capable of withstanding burial by sand to depths greater
than 60cm, and in Britain and Europe, growth of the first yellow dunes is largely completed
by Ammophila arenaria (L.) Link (marram). In North America, A. arenaria is largely
replaced by populations of Ammophila breviligulata Fernald. Although A. arenaria can act
as a pioneering dune species (e.g. Mather and Ritchie, 1977), it is not tolerant of salt-spray
and will, therefore, normally only enter into areas that have been previously colonized by
E. juncea and L. arenarius (Gimingham, 1964; Adriani and Terwindt, 1974). Capable of
extensive lateral and vertical growth, marram is well-equipped to survive burial by sand
and studies have shown that it can survive sand accumulations of up to im per annum. The
mechanisms by which marram survives sand inundation are further discussed in Chapter 6.
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In situations where the sand supply is reduced or non-existent, marram becomes less
dominant and is frequently found in association with other higher plant and bryophyte
species which form a complete 'carpet' of cover between the marram tussocks. Bryum
algovicum Sendt. ex C. Mull., Ceratodon purpureus (Hedw.) Brid and Tortula ruralformis
(Besch.) Grout are considered to be important in inducing slow accretion of sand (e.g.
Salisbury, 1952) and are the primary agents of fixation in the grey dunes. Birse et
al.(1957) illustrated how these and other mosses such as Brachythecium albicans (Hedw.)
B., S. & G., Rhytidiadeiphus squarrosus (Hedw.) Wamst. and Homalothecium lutescens
(Hedw.) Robins, are adapted to their role as colonizers of bare sand surfaces due to their
ability to withstand burial. Associated with increasing stability, the grey dunes are
characterized by a rapid increase in species diversity and Gimingham (1964) considered
Achillea millefolium L., Bellis perennis L., Carex arenaria L., Cerastium glomeratum
Thuill., Euphrasia officinalis agg. L., Festuca rubra L., Galium veruin L., Lotus
corniculatus L., Plantago lanceolata L., Poa pratensis L., Taraxacum spp F.H. Wigg.,
Trfolium repens L. and the bryophytes Hypnum cuppressforme Hedw. and Lophocolea
bidentata (L.) Dum. to be the species most indicative of these grey dune grasslands.
At the landward edge of the dunes, dune pasture may persist or, particularly on siliceous
soils, which are low in calcium carbonate, the grassland will be invaded by heathland
species such as Calluna vulgaris (L.) Hull, Erica cinerea L., Empetrum nigrum L. and
Vaccinium myrtillus L., resulting in a dune heath (Salisbury, 1952; Gimingham, 1964). A
combination of adequate rainfall, low wind speeds, low rabbit numbers and little human
interference would result in a woodland climax community such as those common in
certain localities in the Netherlands, where areas of ungrazed stable dune vegetation have
been invaded by woody species (Houston, 1983, cited in Radley, 1994). Although there are
no examples of extant primary dune woodland in Britain (Houston, 1997), Carter (1988)
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states that species of Quercus, Acer L., Betula L., Corylus L., Fraxinus L. and Pinus L. are
all common on the stable dune areas of European and North American systems.
Dune slacks [from the Norse 'slakki' meaning "a small depression between two stretches
of rising ground" (Ranwell, 1959, p.571)] may be interspersed between dune ridges and,
due to their characteristic ability to retain moisture, are distinct from other areas of the dune
system. The slack water table lies close to the sand surface and standing water frequently
collects in these low-lying areas during the winter months (Gimingham, 1964; Ranwell,
1972). Dune slacks are generally considered to be more favourable habitats for plant
growth because they are subject to less severe wind action and, hence, experience reduced
evaporation. They are also enriched by nutrients from surrounding dunes. A combination
of these factors results in an improved micro-environment for plant growth and an
associated increase in plant species diversity. Slack communities are frequently
characterized by marshland species including Hydrocotyle vulgaris L., Ranunculus
fiammula L. and Samolus valerandi L.
2.3.3 The vegetation of the coastal dune environment - the present state of knowledge
Over the last twenty-five to thirty years, coastal sand dune systems have been rightfully
recognized as a major terrestrial habitat, resulting in a revival of interest in sand dunes as
areas for ecological research. In 1969, the Countryside Commission for Scotland (CCS)
commissioned a survey of some of the major areas of sandy coastline in the north of
Scotland (Mather and Ritchie, 1977). Their report commented on past and present
influences, including agriculture, recreation and industry, and made a series of
recommendations for the effective conservation of the beach resource. The study was later
extended to include the rest of Scotland (Ritchie and Mather, 1984). On a national scale,
the Institute of Terrestrial Ecology (ITE) was commissioned by the Nature Conservancy
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Council (NCC) to study the botanical importance of some of the coastal areas of Great
Britain (Shaw, Hewett and Pizzey, 1983). There was, however, still a need for a detailed
survey of British sand dune systems, using consistent, and hence comparable, surveying
methods (Radley and Woolven, 1990, cited in Dargie, 1993). This need for a co-ordinated
botanical survey was fulfilled by the JNCC-commissioned 'Sand Dune Vegetation Survey
of Great Britain' (Dargie, 1993; 1995; Radley, 1994).
Radley (1994) and Dargie (1993; 1995) used the NVC community classification (Rodwell,
in prep.) to record the sand dune vegetation of England, Scotland and Wales respectively.
NVC categories SD4, SD5 and SD6 were all recognized as mobile dune types,
distinguishable from one another by the presence of a dominant sand-binding grass species.
SD4 is characterized by E. juncea as the principal sand-binding grass and is widespread
throughout Scotland and England. NYC community type SD5, common in Wales,
Scotland and England is dominated by L. arenarius; whilst SD6, the A. arenaria-
dominated community, is also extensive throughout Great Britain. Each mobile dune
category is further divided into a series of sub-communities (SD5a, b, c and SD6a, b, c, d,
e, f and g) that are subject to subtle variations in species composition, both on a
geographically local and national level.
Category SD7 represents the semi-fixed dunes of Great Britain and is characterized by the
presence of A. arenaria and F. rubra. SD7 communities are typified by a decrease in the
sand accretion rate and an associated decline in the vigour of marram. The diversity of
semi-fixed dunes ir Britain is exemplified by the five SD7 sub-communities recognized by
the NYC. Although the SD7e Elymus pycnanthus sub-community, characteristic of the
majority of Welsh and English dunes, is absent from Scotland, there is a large extent (some
482ha) of SD7-type duneland in Scotland (Dargie, 1993). Surveys of areas of Coil, Tiree
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and Quendale recorded the presence of SD7 grasslands with large amounts of A. arenaria,
F. rubra and G. verum, provisionally named the SD7?f Galium verum sub-community.
Observations of dune sites in the Western Isles led to the classification of a provisional
Heracleum sphondylium sub-community (SD7?g), distinguishable by its high cover of
hogweed in association with Ammophila tussocks and F. rubra (Dargie, 1993). Neither of
these provisional SD7 sub-communities were recorded in England and Wales (Radley,
1994; Dargie, 1995) and are, therefore, assumed to represent a northern SD7 variety.
Fixed dune grasslands are those which occupy relatively stable areas, where the effects of
sand accretion are no longer significant and there is evidence of limited soil development.
These grasslands, where F. rubra and G. verum are the two constant species, are classified
as SD8 NVC communities and are the most extensive vegetation sampled on Scottish
dunes with a total of 2,607ha recorded (Dargie, 1993). Fixed dune grasslands are also
widespread throughout Wales (1,344ha recorded) (Dargie, 1995) and England (572ha
recorded) (Radley, 1994). Of the five SD8 sub-communities SD8a, the typical sub-
community, is the most extensive in England and Wales. SD8a is characteristically less
species-rich than the other sub-communities in this category and is typically found on
somewhat undergrazed sites. The most extensive SD8 sub-community in Scotland,
however, is the SD8d Ranunculus acris-Bellis perennis variety. Being largely restricted to
the western and northern dune systems of Scotland, this vegetation type is closely
associated with the machairs of mainland Scotland and the Outer Hebrides and SD8
transitions are an important part of the dune vegetation of Scotland (Dargie, 1993). A
further consideration of these SD8 transitional vegetation types is given by Kent et a!.
(1996).
Dune slacks are represented by NVC community classifications SD13, SD14, SD15, SD16
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and Sb 17, the vegetation of which are characteristically linked to soil pH, water regime
and successional stage. Whereas dune slacks are important habitats for rare species, such
as Epipactis leptochila var. dunensis T. & T.A. Stephenson, Equisetum variegatum
Schleich. cx F. Weber & D. Mohr, Gentianella uliginosa (Wilid.) Börner and Liparis
loeselii (L.) Rich. in Wales, the slack habitat is not particularly widespread in Scotland and
England. Dunes dominated by C. arenaria and various lichen species are classified as
SD 10 (Carex arenaria dune community) and SD 11 (Carex arenaria-Cornicularia aculeata
community) types. Common in areas subject to large-scale blow-outs, the SD1O
community is further divided into two sub-communities, the first being distinguished by
the presence of F. rubra, and the second by the presence of Festuca ovina L. SD1 1
communities are noticeable for their abundance of lichens and low vascular plant diversity.
Rare in Wales, the SD1 1 community types are relatively common in Scotland and England.
On a national level, the JNCC-commissioned surveys recorded a wide spectrum of NYC
community types on the duneland of England, Scotland and Wales. The vegetation
recorded, however, was not restricted to that of the classic N yC dune communities, but
also encompassed a variety of other NVC vegetation groups including dry mesotrophic
grasslands (MGi, MG5, MG6 and MG7); dry and wet heaths (Hi, H7, H8, H10, Hi 1, M15
and M16); calcicolous grasslands (CG2, CG6, CG7 and CG1O); mires (M) and swamps
and tall-herb fens (5) (Table 2.1). In Scotland, for example, approximately seventy of
these non-dune NYC vegetation types were recorded. These NYC communities that are
not normally confined to sand dunes, clearly add to the richness and species diversity that
is so often associated with the dune habitat.
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Table 2.1 Non-dune NVC vegetation types recorded from British sand dune
systems during the Sand Dune Vegetation Survey of Great Britain (Dargie, 1993;
1995; Radley, 1994).
NVC code	 Community description
MGi	 Arrhenatherum elatius coarse grassland
MG5	 Centaurea nigra-Cynosurus crislatus pasture
MG6	 Lolium perenne-Cynosurus cristatus pasture
MG7	 Lolium perenne ley
Hi	 Calluna vulgaris-Festuca ovina heath, undifferentiated
H7	 Calluna vulgaris-Scilla verna heath
H8	 Calluna vulgaris-Ulex gallii heath, undifferentiated
H 10	 Calluna vulgaris-Erica cinerea heath
H 11	 Calluna vulgaris-Carex arenaria dune heath
MiS	 Scirpus cesptiosus-Erica tetralix wet heath
Ml 6
	
Erica tetralix-Sphagnum compactum wet heath
CG2	 Festuca ovina-Avenula pratensis grassland
CG6	 Avenulapubescens grassland
CG7	 Festuca ovina-Hieracium pilosella-Thymus praecox grassland
CG 10	 Festuca ovina-Agrostis capillaris-Thymus praecox grassland
M23	 Juncus effusus/acut(/7orus-Galium palustre rush-pasture
S4	 Phragmites australis swamp
SI 9
	
Eleocharis palustris swamp
2.3.4 Dune soils and water relations
Sand dune succession and zonation, from bare sand with little or no vegetation, to the
complex and species-rich plant communities of the dune pastures and heaths (Section
2.3.2), reflect associated changes in the gross structure and chemistry of the dune soils.
The soils of the older fixed dunes exhibit a decreased mobility and increased organic
matter content relative to those of the foreshore and the embryo dunes. Progressive
leaching of calcium carbonate with increasing dune age has a significant effect on soil pH
and there is an appreciable transition from the alkaline dunes at the front of the system to
the more acid landward dunes (e.g. Salisbury, 1922; 1952; Willis et al., 1959a; Wilson,
1960).
Although airborne material may play some role in the transport of nutrients to dune soils,
their coarse-grained nature and poor water-holding capacity means that the majority are
poor sources of major plant nutrients such as nitrogen, phosphate and potassium (Willis et
a!., 1959a). Willis and Yemm (1961) elaborated on the earlier work of Willis et al.
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(1 959a; 1 959b) to study the availability of soil mineral nutrients to dune plants at Braunton
Burrows. They found that dune soils have "adequate" quantities of the minor plant
nutrients such as iron, manganese, copper, zinc, boron and molybdenum. Supplies of
calcium and magnesium were also deemed to be adequate. Glasshouse experiments,
however, indicated that the dune vegetation at Braunton was severely limited by a
deficiency of nitrates and phosphates, in particular (Willis and Yemm, 1961).
In terms of dune water relations, the contrasting physical and chemical properties of
immature and mature soils have important consequences for the field capacity and
availability, water content and soil moisture distribution of dune soils. Mature soils
characteristically exhibit increased field moisture capacities and, due to their high organic
matter contents, increased water contents, relative to young dune soils (Ranwell, 1972).
Studies by Salisbury (1952), Ranwell (1959) and Willis et a!. (1959a) have all illustrated
that soil moisture characteristically increases to a depth of c. O6m below the surface, before
falling off to a more constant level at about im below the dune.
Water relations in the slack habitat are likely to be distinct from those in other areas of the
dune environment (Ranwell, 1972). Generally, the water table in any major dune system is
dome-shaped (Willis et a!., 1959a; Ranwell, 1972). Dune slacks at the periphery of the
system will, therefore, frequently be characterized by the presence of nutrient-enriched
ground water derived from lateral seepage from the centre of the dune system (Ranwell,
1972). This may also be of importance in interpreting the presence of permanent dune
lakes and lochs, that frequently occur at the landward edge of dune systems.
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2.3.5 Plant stress and adaptation in the dune environment
The sand dune habitat is associated with a number of stresses which may limit successful
plant growth and development. The majority of dune species, therefore, exhibit a certain
degree of adaptation and specialization that may represent the difference between survival
and extinction in the harsh dune environment. These primary stress factors, and some
associated plant adaptations and responses, are summarized in Table 2.2.
Table 2.2 Stress factors and corresponding plant adaptations in the beach/foredune environment
(adapted from Hesp, 1991).
Stress factor	 Plant adaptations
Salt spray	 Salt-resistance or salt-tolerance e.g. development of
leaf hypertrophy
Dryness, high light intensity,
high temperatures
and wind exposure
Leaf rolling
Increased leaf hairiness
Leaf loss
Development of epicuticular wax layer
Development of succulence
Sclerophylly
Changes in root morphology
Increased water use efficiency
Increased heat tolerance
Use of C4 and CAM photosynthesis
Development of osmotic adaptations
Sand salinity	 Salt resistance
Accumulation of NaCI
Development of salt bladders
Development of succulence
Development of osmotic adaptations
Nutrient deficiency	 Restriction or accumulation of inorganic ions
Nitrogen fixation by rhizosphere bacteria
Uptake and trans location of nutrients from strandline
litter
Redistribution of nutrients
Sand burial	 Increased seed, node, root, shoot or rhizome/stolon
development
2.3.5.1 Drought and heat tolerance in sand dune vegetation
During periods of drought, water will not be immediately available in the form of
precipitation and dune species must utilize an alternative source of water. Tap-rooted
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species are usually able to reach a reliable source of water from the permanent water table.
However, those species that lack a tap root and which are effectively isolated from the
permanent water table, will rely heavily on moisture present in the upper regions of the
sand dune and, in particular, on the mechanisms of internal dew formation (Hesp, 1991).
Barbour, De Jong and Pavlik (1985, p.305) defined internal dew as "the condensation of
water vapour into liquid on the surface of sand grains as a result of diurnal temperature
fluctuations". Internal condensation of dew may reach values of 2-4ml in 10cm 2 of sand
per night (Monteith and Unsworth, 1990, cited in Packham and Willis, 1997) - an
appreciable input of moisture.
Willis and Jeffries (1963) studied the water relations of a range of dune species at Braunton
Burrows. Results of their experimental work indicated that dune slack vegetation very
rarely suffers from water deficits. Species occurring on dry dune slopes, however, are
subject to considerable water shortages. Ammophila arenaria, Cynoglossum officinale L.,
Potentilla anserina L. and Senecio jacobaea L. were all observed to suffer considerable
water deficits during the dry summer months. Willis and Jeffries studied the physiology of
water stress in these species and discovered that regulation of transpiration rates via the
control of stomata! aperture size plays a crucial role under drought conditions. Further
important adaptations to limited water availability include leaf rolling, increased leaf
hairiness, the presence of an epicuticular wax layer to increase albedo, the operation of C4
and CAM photosynthetic pathways, succulence and sclerophylly (Hesp, 1991; Table 2.2).
In addition to the water deficits experienced during droughts and the dry summer months,
dune species are especially susceptible to heat stress. The surface layers of dune soils can
reach very high temperatures, making heat injury a substantial threat. Maim (1994) states
that the maximum soil surface temperatures on an open sand dune are the same as those of
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a desert environment. Soil surface temperatures which are capable of reaching 60°C
(Salisbury, 1952) can play a critical role in leaf heating, particularly in those species having
a rosette habit e.g. S. jacobaea. Seedlings are particularly vulnerable to the effects of heat
injury as immature phloem cells are destroyed by high temperatures (Maun, 1994).
2.3.5.2 The effects of salt spray and soil salinity
Most coastal dunes are intermittently supplied with salt spray (Hesp, 1991). The load and
intensity of salt spray decrease with increasing distance from the sea (Barbour, 1978) and
studies by van der Valk (1974) illustrated that the front of a dune receives the greatest
amounts of spray, followed by the crest of the dune and the dune back, respectively.
Sodium, chloride, magnesium and calcium ions are present in high concentrations in sea-
water and coastal spray, whereas nitrate, phosphate and potassium ions are present in much
lower concentrations (Turner et al., 1981; Barbour et a!., 1985). Adult plants which are
exposed to salt spray typically exhibit one of two adaptations to its effects. Individuals on
the strandline and foredunes which receive an almost continuous shower of spray are
adaptively salt-tolerant, commonly adopting succulence and leaf hypertrophy, a process
whereby leaf thickness may characteristically increase two- or three-fold (Barbour et al.,
1985; Table 2.2). Those species at the landward end of the dunes are typically less tolerant
than the foredune vegetation and are characteristically salt-resistant. For example, uptake
of sodium and chloride ions are reduced, whilst tissue concentrations of potassium are
increased (Hesp, 1991; Barbour eta!., 1985).
2.3.5.3 Responses to nutrient deficiency in dune vegetation
Low nutrient concentrations in the dune environment (Section 2.3.4) are perceived to have
serious consequences for the success of plant growth and development. Willis and Yemm
(1961), for example, attributed the small size of some supposedly 'dwarf' dune varieties to
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a lack of essential plant nutrients. Rapid leaching of nutrient elements from the coarse
sandy substrate after rainfall results in low concentrations of a number of elements, most
commonly nitrogen, phosphorus and potassium (Willis and Yemm, 1961), when compared
to normal plant growth requirements (van der Valk, 1974). Nutrient stress will often
develop. Important sources of nutrient elements in the dune environment include salt spray
(Rozema et a!., 1985; Hesp, 1991), meteorological inputs [particularly fog and
precipitation (van der Valk, 1974; Barbour et a!., 1985)] and periodic depositions of
detrital litter (Ranwell, 1972). Surprisingly little is known about the input mechanisms of
potassium and phosphorus within any coastal dune system (Barbour et a!., 1985). Micro-
nutrients (for example, boron, molybdenum, iron and copper) are usually present in
abundance and Rozema et a!. (1985) have suggested that some degree of nutrient stress is
due to an excess of these minor elements.
Seed germination and seedling establishment mechanisms in nutrient-stressed dune soils
have been discussed by Maun (1994). The poor seedling survival of A. arenaria, for
example, has been ascribed by Huiskes (1977) and Maun and Baye (1989) to an
impoverished nutrient supply. Adaptive responses to such stresses in seeds and seedlings
have been fully chronicled by Maun (1994). Responses to nutrient stress in adult
individuals most frequently include a redistribution of nutrients, particularly the
translocation of nutrients from senescing stems or leaves, to developing fruits and leaves
(Pemadasa and Love!!, 1 974b); uptake of nitrogen via rhizosphere bacterial activity (Hesp,
1991); and the exploitation of alternative nutrient sources. Fuller accounts of dune species'
responses to nutrient stress are given by Hesp (1991), van der Valk (1974) and Barbour et
a!. (1985).
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2.3.5.4 Additional plant stresses and adaptations in the sand dune environment
In addition to the abiotic stresses already described, dune vegetation is also prone to biotic
stresses, the most common of which is competition. Stresses caused by competition have
been studied, for example, by Pemadasa and Lovell (1974a), who found that dense
populations of F. rubra effectively reduced the chance of survival of neighbouring annual
species when resources were limited.
Most authors agree that life history strategies are important factors in the avoidance of
relatively common stresses such as high temperatures and drought (Harper, 1977). Many
species of stable coastal dunes are winter annuals, germinating in autumn, over-wintering
as small plants, and flowering and setting seed in the following spring. Winter annuals,
therefore, avoid drought by completing their life cycle before the summer dry spell. In
general, the annual habit is advantageous because a plant can avoid the problem of an
accumulating stress by accomplishing its life cycle before conditions grow too adverse.
The role of the annual habit in the dune habitat has been discussed by Pemadasa et a!.
(1974) and Pemadasa and Lovell (1975).
A number of authors have recognized sand movement and the associated burial by sand, as
the major environmental factor determining plant distribution in the coastal dune
environment (e.g. Oosting and Billings, 1942; Salisbury, 1952; Ranwell, 1958; Hewett,
1970). The effects of sand accumulation on the ecology, physiology and phenology of
dune species is discussed in Chapters 6 and 7.
2.3.6 Human activity and the management and conservation of coastal dune systems
Due to their inherent instability, sand dune systems are particularly prone to the effects of
environmental and anthropogenic impacts and are especially vulnerable to disturbance.
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Estimates suggest, for example, that over 75% of Mediterranean dunes have been destroyed
since the turn of the twentieth century (Gehu, 1985). The very fragility of the dune
ecosystem, in combination with the abundance of very distinctive and often highly
specialized dune flora and fauna has heightened the value of the world's dune systems and
precipitated a global need to conserve threatened coastal dune systems for both their
ecology and geomorphology. Gehu (1985, p.5) has stated that effective conservation of the
dune systems of Europe "necessitates concerted action at a European, national and regional
leveL"
2.3.6.1 The impact of human activities
Humans and their domestic animals have exerted a great and varied influence over coastal
dune systems over the centuries. The impacts of human activity on dune ecology have
been relatively well documented (e.g. see Carter, 1985; Gehu, 1985; Sothern et al., 1985;
Dargie, 1993; 1995; Radley, 1994). The most commonly encountered anthropogenic
influences include recreation, cultivation, grazing, sand extraction, afforestation and
military usage. In his extensive survey of Scottish dune systems, Dargie (1993, p.22)
described 12% of the surveyed land as "grossly changed from a natural or semi-natural
state" - a striking thought in light of the knowledge that Scottish dune systems are probably
the least disturbed in Britain.
Recreation - Increased accessibility and proximity to the sea, in combination with more
leisure hours and a generally more affluent society, have led to the recognition of
recreational pressures as a major threat to the stability of British dune systems. Dargie
(1993; 1995) in his studies of the dune systems of Scotland and Wales, included the extent
of footpaths, the presence of car and/or caravan parks, and the presence of boardwalks and
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fencing as indirect evidence of the importance of coastal dunes as areas for recreation and
leisure.
Vehicle damage and trampling are often direct consequences of the use of dunes for horse-
riding, spectator sports and golfing. Liddle and Greig-Smith (1975a; 1975b) investigated
the effects of human trampling on the dune system at Aberffraw, Anglesey. The results of
their studies indicated that trampling compacts the surface layers of the soil, increasing
water content, bulk density and the likelihood of anaerobia. A study by Carlson and
Godfrey (1989) confirmed previous findings (e.g. Hylgaard and Liddle, 1981; Sothern et
a!., 1985) and showed that even light trampling can lead to a decrease in both total plant
cover and species diversity. Andersen (1995) investigated the effects of human trampling
in five different coastal communities: natural salt marsh, natural dune, man-made dune,
managed man-made grassland and unmanaged man-made grassland. The total number of
vascular plant species, species diversity and total vegetation cover were significantly
reduced in all. Of these five communities, the natural and man-made dunes were found to
be most vulnerable as they are characterized by a high percentage of trampling-sensitive
therophytes and possess vely few species which actively benefit from trampling by human
feet. Continuous trampling is often most damaging in the foredune areas, where damage
by human feet will interfere with the successful establishment of the embryo dunes. In
other areas of the dune system, heavy trampling kills the dune vegetation, resulting in the
exposure of the sand surface to the action of the wind and the rain. If not quickly
controlled, this destabilization of the dune substrate may result in a 'blow-out'.
Coastal dune systems are also vulnerable to damage by both recreational off-road and
conventional vehicles (Packham and Willis, 1997). Vehicular traffic has similar effects to
those of pedestrian trampling and the repeated passage of cars will lead to a decrease in
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total vegetation cover and vegetation height (Liddle and Greig-Smith, 1975b), ultimately
leading to destabilization and sand-drift (Packham and Willis, 1997). Studies of South
African dune systems (e.g. Rickard et a!., 1994) have indicated that the first few passes of a
vehicle are sufficient to cause significant damage to dune vegetation. Subsequent passes
make relatively little difference to the total damage caused.
Dune grasslands or 'links' have been employed as golf courses since the inception of the
game. Changes in the vegetational composition of these dune grasslands are largely due to
irrigation and the application of fertilizers and herbicides; a management regime described
by Carter (1985, p.36) as "maintaining somewhat artificial ecologies for the elite". Van der
Meulen and Salman (1996) have described how the creation of golf courses in
Mediterranean dune areas can result in the destruction of the dune geomorphology, soils
and natural xerophytic vegetation.
Agriculture - Sand dune systems are traditionally used for grazing and cultivation, and in
many regions, agriculture has been closely associated with the dune ecosystem for
centuries. Strong links exist, for example, between areas of duneland and the crofting
cultures of Scotland (Dargie, 1993) and beland (Akeroyd and Curtis, 1980), and between
the dunes and 'masseiras' of Portugal (van der Meulen and Salman, 1996).
Grazing is undoubtedly the commonest form of agricultural management employed on
British sand dunes. Whereas moderate grazing regimes are beneficial for maintaining
species diversity, undergrazing will result in domination of the vegetation by tall rank
swards, ultimately leading to a drop in diversity. In those areas affected by myxomatosis,
reduced grazing pressures due to decreasing rabbit numbers has led to an associated fall in
the number of plant species. Whatmough (1995) described how a decline in rabbit
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numbers due to an outbreak of myxomatosis resulted in an increase in the total cover of
Hippophae rhamnoides L. on the sand dunes at Murlough NNR, Co. Down. Re-
introduction of a population of rabbits, and the subsequent effects of their grazing, led to a
marked increase in plant species and structural diversity. Rabbit scrapes were seen to be
particularly suitable areas for the establishment of a variety of dune annuals, biennials and
short-lived perennials. Similarly, van Dijk (1992) has described how decreasing levels of
grazing by livestock and rabbits on Dutch dunes has led to a dune vegetation dominated by
scrub and woodland.
However, it is the effects of overgrazing that most threaten dune vegetation in modern
times. Intensive modern-day farming techniques, unlike those employed by our ancestors,
will ultimately lead to the destruction of the dune vegetation (Gehu, 1985). Excessive
grazing pressure from domestic stock, such as cattle and sheep, frequently leads to a loss of
surface vegetation. Van der Meulen and Salman (1996) describe how replacement of
natural grazers such as rabbits and deer with high densities of domestic livestock has led to
overgrazing of the Mediterranean dune systems and subsequent erosion by wind. Although
dune turf can support annual grazing intensities of 05 cattle and 4 sheep per ha, the effects
of cattle grazing and trampling on the strandline vegetation may slow dune regeneration
(Ranwell and Boar, 1986). Sheep are particularly damaging to the dune vegetation because
they tend to range more widely over pathways and lairs in search of food, causing
significant amounts of erosion on the steeper dune slopes (Ranwell and Boar, 1986). In
addition to the damaging action of their feet, sheep, unlike cattle, nibble rather than tear the
vegetation - a process which ultimately reduces the sand-trapping capacity of the turf
(Brooks, 1986). In terms of the effects of modern cultivation methods on sand dune
diversity, contemporary ploughing techniques expose the thin humus layer of the soil to
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more rapid oxidation leading to associated changes in the soil chemistry and vegetation
composition.
Urban and industrial development - Urbanization and industrialization have already proved
to be a particular problem for the dune systems of France, Spain and Italy (Gehu, 1985).
Doody (1991, cited in van der Meulen and Salman, 1996) states that 75-80% of the coastal
sand dunes of the Italian mainland coast and the Spanish and French Mediterranean coasts
have been destroyed by urbanization and industrial development. Recent studies, in
particular those associated with the Sand Dune Vegetation Survey of Great Britain (Dargie,
1993; 1995; Radley, 1994) have illustrated that the coastal dune systems of the British Isles
are also under threat from modem developments. Some of the more notable losses of
duneland to industrialization include major disturbance by the steel industry on the dune
systems between Baglan Bay and Kenfig Dunes in South Wales, and the installation of a
petrochemical works near Baglan Bay (Dargie, 1995). In Scotland, many dune systems
have experienced heavy losses to the oil industry: the dunes at Morrich More, for example,
are used as a corridor for storing and launching flowbundles used in the oil industry
(Dargie, 1993).
The use of British dunes as a source of raw materials for heavy industry is directly
associated with the effects of industrialization. Sand extraction, for example, is a
widespread practice in a number of Scottish dune systems and a particular source of
concern (Dargie, 1993). Large-scale removal of sand for industrial purposes results in the
already-limited supply of available sediments being reduced, inducing and/or increasing
erosion by wave action.
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Afforestation - The loss of habitat through the effects of afforestation is a common feature
in many British dune systems. Duneland is often planted with non-indigenous pine species
resulting in the development of sizeable conifer plantations which replace large areas of
natural dune grassland and dune slack habitat. At Pembrey Forest, for example, the extent
of the afforestation has increased so dramatically that areas of dune are now confined to
spit dunes at either end of the dune system (Dargie, 1995). Destruction of the natural dune
flora and fauna is a characteristic effect of afforestation. Plantations of trees often stifle
dune vegetation, leading to associated changes in edaphic factors. Doody (1989)
commented on how shading by canopies of pine trees, along with falling coniferous leaves
and needles, will result in changes in the soil chemistry, ultimately leading to the
destruction of the indigenous dune vegetation. Atkinson (1988) described how
afforestation can result in a lowering of the water table and seeding into the adjacent dunes.
These secondary effects of afforestation can lead to major impacts on dune ecology.
Doody (1985b) has described the invasion of desiccated dune slacks by birch at Tentsmuir,
Fife following a lowering of the water table.
Military usage - British sand dune systems have long been utilized by the mi)itary as sites
for rifle ranges and munitions manufacture and storage. Use of duneland for military
purposes reached a peak during the Second World War, when many systems were
characterized by the presence of defence installations and troops training for battle. Such
use of British duneland by the military is paradoxical, in that, although the erection of
buildings and bomb tests are undoubtedly destructive, the military presence prevents
unobstructed public access and protects dune areas from other more extensive damage
(Doody, 1985b).
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Erosion - With the exception of dune areas such as those at Tentsmuir Point in Fife and
Morfa Harlech and Tywyn Point in Wales, relatively few dune systems are actively
accreting, although there are a large number of dune systems where erosion and accretion
are in equilibrium (Doody, 1 985b). Although a certain degree of natural erosion is crucial
to the successful regeneration of dune systems, erosion above and beyond such natural
levels, particularly that encouraged by anthropogenic activities, ultimately threatens dune
stability and is a particular problem across the dune systems of Britain and Europe.
The sandy coastal areas of Britain suffer from a net sediment deficiency and this deficiency
is often seen to be a direct result of the development of coastal protection structures during
the last hundred years (Ranwell and Boar, 1986). The erection of groynes and sea-walls
interrupts the sediment supply to the beach and alters the dynamic processes responsible
for shaping and maintaining dunes. Van der Meulen and Salman (1996) described how the
construction of groynes in Mediterranean Atlantic Portugal led to a disturbance of the
natural sand sediment transport resulting in net erosion of the sand dunes.
Further erosion of dune systems is encouraged by the activities of grazing and burrowing
animals (Doody, 1985b; Oosterveld, 1985): their actions tend to kill vegetation, exposing
the underlying layer to the elements and thereby increasing the likelihood of a blow-out
occurnng.
2.3.6.2 Management and conservation
The management of sand dunes for conservation has been extensively discussed (see, for
example, Doody, 1985a; 1985b; Ranwell and Boar, 1986; van der Meulen and Salman,
1996). The most common form of dune management in the British Isles is probably
grazing by domestic animals (Dargie, 1993; 1995) and the use of grazing as a management
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tool for conservation has been reviewed by Oosterveld (1985). Kooijman and van der
Meulen (1996) described the use of grazing in controlling 'grass-encroachment' in the dry
dune grasslands of the Netherlands. Dominance of a few tall grass species at the expense
of therophytes, bryophytes and lichens leads to a decreased species diversity. The results
of the study indicated that although grazing with domestic cattle and ponies may not be
sufficient to stop grass-encroachment completely, grazing is "reasonably effective"
(Kooijman and van der Meulen, 1996, p.323) in reducing tall grass cover.
Although grazing is widespread, there is no single management practice suitable for the
effective conservation of all threatened sand dune systems. Kooij man and van der Meulen
(1996) state that the specific effects of grazing as a management tool are dependent on
various factors, including site geology, soil development, hydrology, management history,
type of grazer and grazing density. One dune system is not like the next: there are local,
regional and national differences in dune type (Carter, 1985).
Constructive conservation relies on the use of specific management tactics to solve specific
conservation problems. Dunes under threat from erosion, for example, should be equipped
with timber walkways to minimize the effects of trampling by human feet, whilst wind
breaks should be installed to help rebuild the dune system (Doody, 1985b). Carlson and
Godfrey (1989) state that wooden walkways should be elevated some O5m above the sand
surface with 3cm spaces between the boards. This arrangement leaves enough room for
sand to accumulate whilst also permitting light to reach any plants below the walkway.
Stabilization of eroding dunes may be accomplished by grass planting and seeding or
through the application of fertilizers. Dieckhoff (1992) has described some methods for
propagating dune grasses for conservation purposes. On the other hand, areas of value for
conservation where sea buckthorn or gorse ((flex sp. L.) have invaded, are subject to
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intense scrub clearance programmes involving the use of herbicides (Marrs, 1985; Leach
and Kinnear, 1985). The widespread dominance of the introduced species Ammophila
arenaria on the northwest coast of North America has led to native dune plant
communities being threatened with extinction (Wiedemann and Pickart, 1996).
Management tactics include repeated digging of the above-ground plant parts in order to
deplete underground nutrient reserves (Wiedemann and Pickart, 1996).
The use of mowing in the management and conservation of coastal sand dunes has been
described by Anderson and Romeril (1992). In an attempt to restore a species-rich sward, a
Jersey dune plain which had become dominated by Rosa pimpinellfolia L. and a number of
tall grass species was subjected to different mowing treatments. The results of the
investigation suggested that mowing can play an important role in the management of dune
communities as it may increase floristic richness, help re-establish a diverse sward and
encourage rabbits to graze more closely (Anderson and Romeril, 1992). Van der Maarel
(1971) described the effects of mowing as being similar to those of grazing in that it keeps
the standing crop low and leads to the development of species-rich communities.
2.4 THE MACHAIR ECOSYSTEM
2.4.1 The meaning and definition of 'Machair'
'Machair' is the only major habitat known by a Gaelic name. Angus (1993; 1994) has
studied the use of the word in both Gaelic and English, and has highlighted the strong
cultural links between the machair and the native Gaelic-speaking inhabitants of the
Western Isles.
Ritchie (1976) has suggested that the Gaelic origins of the word 'machair' have confused
its meaning and definition, and he has ascribed the lack of a precise description of the term
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to the different ways in which, for example, local inhabitants, botanists and geographers,
perceive the nature and distribution of the machair. In order to distinguish machair
grasslands from other dune grasslands and links, Ritchie (1976) attempted to construct a
definition on the basis of a number of different criteria. He listed a shell-rich blown sand
base; lime-rich soil with a pH >70; a morphologically mature surface; the absence of
psammophilous grasses; the effects of different biotic factors (e.g grazing, cultivation and
trampling); and an oceanic climate, as the most important attributes in his definition of
machair. Ritchie recognized that machair grasslands could be separated from other dune
grasslands by the number of vascular plant species recorded in them. Due to the differing
gradients of soil pH, moisture content, grazing pressure, trampling and instability in any
one sand dune system, conventional dune communities can show great diversity. Ranwell
(I 974b) noted how large dune systems can carry 400-500 different vascular plant species.
Machair systems, however, usually support 100-150 vascular species. Ranwell (1974b)
attributed this large difference in diversity to the fact that while other dune systems may
support a number of introduced species, machair systems are characterized by a relatively
pure, native flora.
Although Ritchie recognized machair as an integral part of coastal sand dune systems, he
defined machair strictly as the 'machair plain', excluding the closely associated beach,
dune ridge, marshland and hillside habitats. Curtis (1991) (cited in Angus, 1994) has
elaborated on Ritchie's definition of machair and has suggested that Ritchie's 'machair
plain' be replaced by the term 'machair grassland'. The term 'machair system' (Angus,
1994) is broadly applied to the range of habitats, incorporating strandline; dune; machair
grassland; coastal lochs and marshes; saitmarshes; and the transitional peaty 'blackland'
area between the machair and moorland; and is the term adopted in this thesis.
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2.4.2 The distribution of machair
The importance of the machair system as a national and international habitat is emphasized
by the knowledge that, although a type of machair vegetation has been reported from New
Zealand (Wilson et aL, 1993), true machair appears to be found only in certain areas of
Scotland and Ireland. In their report on the beaches of Scotland, Mather and Ritchie (1977)
recorded a total machair area of 1 4,SOOha. Six thousand hectares of this total occurs in the
Western Isles alone. The most significant areas of machair in the Outer Hebrides occur on
the islands of North and South Uist. With the exception of the Outer Hebrides, the islands
of Coil, Tiree and Islay provide the most important Scottish machair sites. The occurrence
of machair in Ireland has been studied by Akeroyd and Curtis (1980) and Bassett and
Curtis (1985). Akeroyd and Curtis (1980) applied Ritchie' s key criteria for the definition
of machair to four areas of dune grassland in western Ireland. The results of their study
showed a strong floristic and ecological comparison between the Scottish machair and the
Irish dune grasslands. They, therefore, considered it appropriate to apply the term machair
to certain areas of dune grassland in western Ireland. Bassett and Curtis (1985) expanded
on the earlier work and concluded that, although some minor differences in soils, climatic
regime and vegetation were apparent, the characteristic landformlvegetation complex
exhibited by Irish 'machair' is very similar to that of the typical Scottish machair.
2.4.3 Origin and deve'opment
In order to appreciate the biological importance of the machair ecosystem, it is first
necessary to understand its geomorphological importance which, in turn, is largely related
to its origin and deelopment. The process of machair development has been extensively
studied by Ritchie (1966; 1967; 1979), ho suggested that three broad groups of machair
surfaces exist:
• hilly, hillocky, hillside or steeply-sloping,
• plain surfaces with higher areas on the Iandward side,
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• generally level or slightly sloping plain surfaces terminating in marsh/loch/rock or till-
covered surface.
Of these three machair types, Ritchie believed the plain machair surfaces to be the most
distinctive and widespread. Based on five purely morphological features, Ritchie advanced
a hypothesis for the origin and development of the 1-lebridean machair plains, and he
suggested that the most common machair profile would have developed from a
combination of erosional and depositional processes, operating over the last seven or eight
thousand years. Ritchie's theory of machair formation does not rely on any major climatic
or environmental changes, but suggests that the machair plain developed as a direct result
of the excess sand supply which existed after the deglaciation of northern Scotland. The
oceanic climate would have resulted in high winds driving large quantities of mineral sand
and shell fragments inshore during a primaiy accretion phase, to produce the typical profile
of:
"subdued, narrow, coastal dunes; a broad, low, seawards sloping deflation plain (which
floods in winter); an escarpment and residual higher slope; and a landwards marginal plain
which ends in marsh or loch" (Ritchie 1979, p.1 13).
The only requirement of this theory of development is that the volume of sand in the beach-
dune-machair system remain relatively constant. Gilbertson et al. (1996b) reviewed the
literature relating to Holocene coastal dune and machair sequences and described a series
of stratigraphic surveys which supported Ritchie's (1979) model of machair development.
In terms of the age of the machair system, although the present day machair surface is the
product of nineteenth and twentieth-century stabilization, Ritchie (1979) suggested that
sand deposition would have begun as early as 3,750 BC, with the first major deposition
occurring around 2,500 BC. Radiocarbon dating has illustrated that the development of the
machair was characterized by long periods of stability alternating with spasmodic episodes
of erosion and deposition (Gilbertson et a!., 1995).
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2.4.4 Machair vegetation
In their paper on the machair of the Uists, the Monach Isles and south Harris, Dickinson
and Randall (1979) recognized a division of the machair vegetation into two generalized
assemblages which they termed 'dune-type' and 'grassland-type'. A number of factors
have been hypothesized to be responsible for this dichotomy. Ritchie (1979) noted that,
although the machair is ultimately dependent on the sand beach and coastal dune ridges for
its origin, it is distinct from the dunes and should be regarded as the 'non-dune part' of
coastal systems. Development of the dunes (sensu stricto) relies on a sufficient supply of
fresh diy sand which can be blown landward from the beach plain to be deposited above
the high tide mark. As described in Section 2.3.2, in north-west Europe, vegetation plays a
crucial role in the creation and maintenance of sand dune systems. On the exposed
machairs of the Western Isles, the dune-building ability of Ammophila arenaria is severely
restricted by high average wind speeds, a limited sand supply and the effects of coastal
erosion. The absence, or reduced vigour, of A. arenaria on the machair grassland,
combined with its characteristic flat surface (<5°), is important in differentiating it from the
vegetation of the dunes on its seaward side, and distinguishing it from other dune and
calcicolous grasslands (e.g. Ritchie, 1976).
A number of descriptions of machair vegetation relate purely to Dickinson and Randall's
(1979) grassland-type machair vegetation. Gimingham (1964), for example, broadly
described machair vegetation as a grassland largely composed of Festuca rubra, Trfolium
repens and Lotus corniculatus with Achillea millefolium, Galium verum arid other species
including Ranunculus acris L., Ranunculus bulbosus L., Euphrasia officinalis agg. and
Bellis perennis. Gimingham also recognized the profusion of orchids, including Epipactis
atrorubens (Hoffm.) Besser, Gymnadenia conopsea (L.) R. Br., Listera ovata (L.) R. Br.,
Dactylorhiza fuchsii (Druce) Soó and Dactylorhiza purpurella (T. & T.A. Stephenson)
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Soó, as important elements in the machair grassland community. Dargie (1993) elaborated
on previous work and related the machair grasslands of the Hebrides to the NVC SD8
Fesruca rubra-Galium verum fixed dune grassland community. Dargie noted how
geographical variation has produced two distinct SD8 sub-communities characteristic of
the machair grasslands of western and northern Scotland. These are the extensive species-
rich SD8d Ranunculus acris-Bellis perennis sub-community, and the less extensive SD8e
Prunella vulgaris sub-community of the flatter machair grassland areas.
2.4.5 Machair soils
The machair systems of the west coasts of the Outer Hebrides provide areas of richness and
fertility. Machair soils have been widely studied (e.g. Dickinson, 1977; Glentworth, 1979;
Hudson, 1991) and they are essentially characterized by their high calcium carbonate
content. Values for the proportions of shell fragment and hence, calcium carbonate content
of these machair soils, differ from one account to another, although most authors agree that
the calcium carbonate content is a maximum of 80% (Roberts et al., 1959; Boyd and Boyd,
1990). An analysis of a typical machair soil would reveal a very low organic matter
content, usually less than 10% and frequently less than 2% (Dickinson, 1977): machair
soils are, therefore, subject to "free percolation and aeration" (Roberts, Kerr and Seaton,
1959), being essentially free-draining and prone to drought. The poor water-retaining
capacity of the machair soils leads to leaching and nutrient deficiencies; machair soils are
particularly poor in phosphates, nitrates, potassium, copper and manganese. High soluble
lime contents lead to high pH values which are usually in the region of 75 to 80 in
subsoils, and 65 to 75 in topsoils (Hudson, 1991). Regardless of these deficiencies,
machair soils, in comparison to the peaty acid soils of the Hebridean blackland, are
relatively productive, and are the focus of the crofting agriculture on the majority of the
Western Isles.
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2.5 ANTHROPOGENIC AND ENVIRONMENTAL IMPACTS ON HEBRIDEAN
ECOSYSTEMS
2.5.1 Anthropogenic impacts on the natural environment of the Outer Hebrides
Goodier and Boyd (1979) and Owen et a!. (1996) have discussed the major anthropogenic
impacts on the natural environment of the Outer Hebrides. Among the factors considered to
play an important role in modifying the Hebridean environment are:
• agriculture,
• forestry,
• mineral and peat extraction,
• fishing and shell-fishing,
• major industrial installations (e.g. oil platforms, wave-energy generators),
• recreation and tourism.
The effects of changing land-use patterns on the natural environment of the Hebrides has
been discussed, to some extent, by Caird (1979) and Dodgshorz (2996). These papers, and
others, have indicated the important role that humans play and have played in altering the
shape and form of the Hebridean landscape. It is possible that no other part of the Outer
Hebrides has been affected as strongly by human activities as the machair.
The richness of the archaeological remains on the Outer Hebridean machair illustrates the
inextricable link between humans and machair. Ritchie (1979) has demonstrated how the
Hebridean machair land has been attractive to human settlers throughout pre-historic and
historic times, and it is believed that the dunes and machair have grown in parallel with
human settlement. Humans are an integral component in machair ecosystems, as
anthropogenic involvement has been continuous throughout the evolution of the machair
landform. Many of the integral features of the machair have, therefore, resulted directly
from the differing effects of human activity over the centuries. Boyd and Boyd (1990)
have discussed the history of the Outer Hebridean machair islands as settlements, paying
particular attention to the history of humans and machair on the Monach Isles. Human
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population peaks on the machair islands coincided with the peak of the kelp collecting
industry. However, human populations have shown a steady decline since about 1930
when the kelp industry began to wane (Boyd and Boyd, 1990).
2.5.2 Agriculture and its effects
Both Crawford (1990) and Robertson (1982) have agreed that machair systems have
supported agricultural activity in the Outer Hebrides for 5,000 years, since Neolithic times,
and the machair is an important element in the modern 1-lebridean economy. Crofting is,
undoubtedly, the most widespread farming method on the Western Isles and the most
intensive agricultural activity is on North and South Uist, where the provision of fodder
and potato crops for domestic use are the main agricultural concerns. The coastal habitats
of the Outer Hebrides (dunes, machairs and salt-marshes) are generally unenclosed and
agricultural machair land is often held in common. However, Boyd and Boyd (1990) have
commented on the increase in enclosed land in the Hebrides, with many machairs being
fenced into separate fields and divided between the crofters since the Second World War.
The best opportunities for cultivation most frequently exist where the acid soils of the
peaty areas of the machair system are neutralized by the effects of calcareous sands being
blown in by the wind from the coastal sand dunes. The soil, where this sandy ground
grades into peat, is something similar to a sandy loam and is therefore suitable for growing
a range of agricultural crops (Robertson, 1982). In addition to the cultivation of cereals
[e.g. Avena strigosa Schreb. (small oat) and Secale cereale L. (rye)], machair is extensively
used for seasonal cattle and sheep grazing.
Both Vose et a!. (1956) and Randall (1976) agree that the machair is a biotic plagioclimax,
that is held relatively stable by a combination of diverse biotic factors including grazing by
rabbit and sheep, and the influences of past human agricultural practices. In the absence of
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grazing, it is hypothesized that the machair would develop into a Calluna/Molinia heath
(Vose et al., 1956; Randall, 1976). Boyd and Boyd (1990) have suggested that the machair
has been used as grazing land since humans first settled on the Outer Hebrides. Controlled
grazing of the machair plays an important role in maintaining its floristic diversity; this has
been confirmed by the number of orchids which flower on the grazed areas of the machair
(Boyd and Boyd, 1990; Pankhurst and Mullin, 1991). However, when year-round grazing
occurs, many of the machair plant species will fail to flower and set seed, mosses spread
and a reduction in the species diversity of the machair pastures invariably follows. Under-
grazing can be as detrimental to the machair as sustained over-grazing, as the machair
system has evolved under the influence of grazing animals (Boyd and Boyd, 1990). Too
little grazing can lead to the exclusion of the less competitive annual species and the
development of a long rank sward, dominated by Festuca rubra. The timing of grazing is
also critical in maintaining a species-rich sward (Angus, 1996).
The highly nutrient deficient nature of the machair soil often means that successive crops
cannot be taken for any significant length of time (Kerr, 1954) and machair land is
frequently entered into the practice of rotational cultivation, so that the land is often
characterized by a mosaic of strips of arable and fallow land. Crawford (1990) has studied
and recognized an annual succession in the weed communities of fallow land. Among the
most conmion crop weeds were Chrysanthemum segetum L., Anchusa arvensis (L.) M.
Bieb. and Viola arvensis Murray; these species were overshadowed in the fallow year by
species including Viola tricolor L., Ranunculus repens L. and Myosotis arvensis (L.) Hill.
In the third year of cultivation, the land was dominated by F. rubra and Trfolium repens.
The succession back to natural grassland was completed by the replacement of Ranunculus
repens by Ran unculus acris.
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Low intensity traditional crofting agriculture has played an important part in maintaining
the unique characteristics of the machair of the Outer Hebrides and Angus (1996, p.235)
states that:
"traditional rotational cultivation is... regarded as an essential and desirable element in
machair systems, considerably enhancing the botanical, ornithological and scenic interest".
However, the introduction of modern agricultural techniques, in an attempt to overcome
the difficulties arising from the harsh Hebridean environment, will inevitably lead to the
destruction of the machair. Cultivation, combined with heavy grazing by stock and rabbits,
can cause widespread sand-blow and the destruction of the surface vegetation of the
machair. Machair land is frequently highly deficient in organic matter, potassium and
phosphorus and the use of artificial fertilizers to increase the productivity of the land can
lead to a loss of the species-rich mixture of grasses, sedges and tall-herbs that characterize
the machair. Traditional fertilizers e.g. seaweed are valued for their important effects on
the machair soils and in particular for their property of raising soil humus contents (Kerr,
1954). Artificial fertilizers, however, can reduce the humus resources of the soil, resulting
in changes in soil stability, tilth and water-holding capacity (Boyd and Boyd, 1990). The
combined actions of reseeding, herbicides and pesticides can desiccate the dry dunes, dune
slacks, marshes and fens leading to significant effects on wetland flowers, waders and
wildfowl (Boyd and Boyd, 1990).
Due to the very fragile nature of the machair system, there has been great concern with
regard to the effects of intensive modern-day agriculture on machair wildlife and
vegetation (Robertson, 1982; Angus, 1994). Traditional crofting agriculture is relatively
low-impact and has prevented widespread ecological damage. The first major agricultural
threat to the Hebridean machair was the commencement of the EEC-backed Integrated
Development Programme (IDP) in 1982 (Robertson, 1982). In the light of its international
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importance as a wildlife area for numerous plant species and breeding birds, including the
corncrake (Crex crex L.), corn bunting (Miliaria calandra L.), oystercatcher (Haematopus
ostralegus L.), ringed plover (Charadrius hialicula L.), lapwing (Vanellus vanellus L.),
dunlin (Calidris alpina L.), snipe (Gallinago gallinago L.) and redshank (Tringa totanus
L.), the machair was considered to be particularly threatened by the ecological effects of
the IDP. The threat of the IDP led to a revival in the popularity of the Outer Hebrides as an
important area for wildlife research and much significant work was undertaken during its
5-year course.
2.5.3 Machair erosion
Although machair systems are dynamic systems where erosion and deposition may occur
naturally, the machair land of the Outer Hebrides is threatened by erosional processes
caused by a number of different factors. The past erosion problems of the Hebridean
machairs have been discussed by Angus and Elliott (1992) who described the historical
events which have contributed to erosion of the machair systems. The high average wind
speeds which are characteristic of the Hebridean climate and which have contributed to the
formation of the machair system, may ultimately threaten its stability. Most machair coasts
are in a very exposed location and are constantly experiencing mean averag,e wind speeds
of 62 to 80m/s (Birse and Robertson, 1970, cited in Angus and Elliott, 1992); it is
unsurprising, therefore, that gales, hurricanes and wind-storms have played an important
role in the erosion of the machair throughout the history of the Hebrides. Angus and Elliott
(1992) also recognized the kelp boom of the eighteenth century as a further important
factor in the history of machair erosion. Kelp manufacture provided a valuable source of
income for the people of the Outer Hebrides and the population soon grew accordingly.
This dramatic rise in the size of the population led to increased horse and foot traffic over
the machair sands and cultivation was necessarily increased to provide sufficient food for
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the growing population. In response to a shortage of grain crops, straw was replaced by
marram grass, an important sand-binding species, as a thatching material. It is likely that a
combination of these and other factors, such as the artificial lowering of the water table,
resulted in huge losses of machair land to the sea.
Present day erosional threats to the machair are both environmental and anthropogenic.
Rabbits were introduced to the Western Isles in the middle of the sixteenth centuly, and
were recognized as a serious threat to the inherent stability of the machair sometime in the
1950s (Angus and Elliott, 1992). Erosional problems caused by the large numbers of
rabbits on the Western Isles include the effects of burrowing to form warrens, and also the
exposure of sand surfaces to the action of the wind by 'scrapes'. Grazing by sheep and
cattle has also been recognized as a potential source of concern; overgrazing de-stabilizes
the vegetation cover on the machairs and can lead to blow-outs. Tourism is undoubtedly
one of the most important contemporary problems. The growth of tourism and recreation
has exposed the fragile machair system to increasing anthropogenic pressures: the
movement of cars, motor-bikes and caravans over the machair surfaces has resulted in large
areas of land being eroded away (Angus and Elliott, 1992; Angus 1994). It is obvious that
some form of 'visitor management' is necessary if the machair is to survive the pressures
of tourism (Angus and Elliott, 1992). The spread of the butterbur [Petasites hybridus (L.)
P. Gaertn., B. Mey. & Scherb.], which was undoubtedly introduced to the islands as a result
of human influence, has also been recognized as an important factor in the erosion of many
hectares of species-rich machair (Currie, 1977). 	 Eradication of these butterbur
communities, and the control of the erosion of the machair in general, pose important
problems for those concerned with the conservation of the machair systems of the
Hebrides.
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2.5.4 Machair management and conservation
The importance of the machair sands as habitats for the 1-lebridean flora and fauna, and as a
distinctive part of the Hebridean landscape, is indicated by the number of nationally
important machair sites which have been identified, and which have been described in
detail by McKirdy and Foxwell (1985) and Angus (1996). There are approximately thirty
Sites of Special Scientific Interest (SSSIs) recorded on machair land - almost all of these
sites occur on the islands of the Outer Hebrides. Angus (1996) has commented on the
complicated nature of assessing the conservation value of any machair system, as
component parts of the system often merit designation as SSSIs in their own right. In
addition to this, in 1988, a total of 7,500 ha of machair situated on the islands of North and
South Uist, Benbecula, Barra and Vatersay was designated as an Environmentally Sensitive
Area (ESA) (D.A.F.S., 1989; Angus, 1996). Although the fauaoft
Outer Hebrides has probably not been as well studied as the flora, the importance of sand
dune machairs as areas for animal- and bird-life should not be ignored. The environmental
variability of the machair systems provides rich feeding and breeding grounds for a number
of different bird species (Angus, 1996), and of the eighteen nature reserves in the Western
Isles, four are managed by the Royal Society for the Protection of Birds (RSPB) (Boyd and
Boyd, 1990). Although the machair is probably best known for its high densities of
wading-birds, two nationally scarce species - the corncrake and the corn bunting - may
occur in suitable areas of the machair system (Angus, 1994). Measures adopted to protect
Hebridean populations of corncrakes include mowing arable fields from the centre
outwards, a process which permits young birds to escape the action of the blades.
It is clear from the work already undertaken on the Outer Hebrides and on the dune
grasslands of Western Ireland that machair is an important habitat that is characterized by a
rich diversity of plant, bird and insect species. However there is still a paucity of
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phytosociological information with regards to the machair ecosystem and in particular, the
phytosociology of machair systems as a whole. If the Western Isles machair is to withstand
the effects of agriculture, erosion and other threats, positive conservation measures need to
be encouraged (Gilbertson et al., 1 996a). Solutions to some of the most pressing problems
have already been attempted on areas of machair land. Under Section 18 of the Agriculture
Act 1986 (D.A.F.S., 1989) the Machair ESA scheme offers crofters financial incentives (on
a purely voluntary basis) to manage their agricultural land using traditional low-impact
crofting techniques (D.A.F.S., 1989; Angus, 1994; 1996). The Machair ESA prescriptions
encourage the Hebridean crofters to limit the use of damaging fertilizers, herbicides and
pesticides and to utilize traditional crofting techniques including the application of organic
fertilizers such as seaweed and animal dung. Entrants to the scheme are also induced to
cultivate cropped areas on a rotational basis and to protect the machair from overstocking
and re-seeding (D.A.F.S., 1989; Angus, 1994; 1996). In some areas, the threat of erosion
to machair systems have been addressed through the use of extensive marram planting,
manuring and seaweed distribution (Buxton, 1985). However, the need for the formulation
of further effective conservation and management strategies for the machair must be
recognized, if this unique landform is to survive the increasing environmental and
anthropogenic pressures of the twentieth century and beyond.
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CHAPTER 3
SELECTION AND DESCRIPTION OF FIELD SITES AT
KILDONAN AND DRIMSDALE ON SOUTH UIST
3.1 INTRODUCTION
Although areas of machair vegetation are relatively widespread throughout the Western
Isles of Scotland, for the purposes of this project, financial, travel and temporal
considerations resulted in the restriction of the selection of field sites to a single island in
the southern Outer Hebrides. This chapter sets out the reasoning behind field site selection
and describes the main vegetation and environmental characteristics of the chosen machair
systems.
3.1.1 The suitability of South Uist as a study area
As described in Chapter 2, a number of vegetational and geomorphological features are
used to distinguish machair from other coastal dune systems. Subtle variations in these
same botanical and landscape characteristics, coupled with local climate, soil and land use
differences, result in high inter- and intra-island machair variability (pers. ohs.). Kent et al.
(1996) have highlighted the distinctive differences in the distribution and composition of
machair communities between South Uist, Barra, Vatersay and Sandray. As such, it is
difficult to identify a truly 'representative' machair system for study.
Angus (1996) has asserted that, in terms of landscape, botanical, ornithological and
geomorphological value, the Uist machairs constitute the best examples of Hebridean
machair systems. South Uist machairs are considered representative of U.K. machair
landforms (Keast, 1995, cited in Dargie, 1997). For this reason, and for those outlined in
the following sections, the Isle of South Uist was selected as the best location on which to
focus research efforts.
3.1.2 The physical environment
The most striking aspect of the South Uist physical environment is its characteristic east-
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west transitions:
"The contrasting landforms and relief of the west and east coasts of South Uist are the
outstanding and fundamental facts of the island's geography.....the east side of this
Hebridean island is mountainous; the coastline is steep, rock and fiord-indented; deep
water is found close inshore. The west side is low, sandy and flat; the coastline is low,
smooth and continuous; shallow water is found stretching far to the westwards." (Ritchie,
1967, p.1)
The area of wind-blown sand on the western seaboard of South Uist extends to c.2,750ha
and runs continuously for approximately 35km from north to south. This continuous
stretch of sand, second in Britain only to the Sefton coast of Merseyside (Dargie, 1997), is
interrupted at irregular intervals by low rock headlands and reefs (Ritchie, 1971).
The Uist climate is typically Hebridean (see Chapter 2) and the cool, moist, windy
environment has allowed for optimum development of the machair habitat. The Uist
machairs date from c.5,700 years B.P. (Ritchie, 1979) and their geomorphology,
chronology and development have been subject to fairly extensive research and discussion
(e.g. Ritchie, 1966; 1967; 1979; Moss and Dickinson, 1979; Keast, 1995, cited in Dargie,
1997; Hall, 1996). The wide Atlantic coasts are dominated by ranges of sand dunes and
machairs that are of a unique ecological, botanical and geomorphological importance
(Owen el a!., 1996).
The coastal dune belt is generally recognized as a relatively constant, unbroken vegetated
sand-ridge which merges imperceptibly with the vegetation of the machair. The vegetated
dunes of the South Uist systems appear to be very stable (Dargie, 1997). Although some
mobile dunes do occur, due to the effects of coastal erosion and exposure to the Atlantic
Ocean and recent human impact (e.g. Angus and Elliott, 1992), the Uist dune systems are
generally notable for the rarity, or indeed total absence, of mobile and semi-mobile dunes.
When present, these mobile and semi-mobile stages form a thin distinctive belt to the west
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of the machair hindshore (Dargie, 1997).
The width of the machair hindshore varies markedly along the length of the island and the
machair may extend as far as 2km inland in some parts of South Uist (Moss and Dickinson,
1979; Angus, 1991). To the landward side of the machair, the edge of the blown sand is
not strictly demarcated and the alkaline shell-sands of the machair may extend into acidic
mires and peatlands, or gently grade into machair lochs.
3.1.3 Conservation importance
The statistics on the area of machair in South Uist (Table 3.1) justify both its description as
the 'machair island' of the Outer Hebrides and its selection as the main study area for this
research. With approximately 10% of the total land area of South Uist consisting of dunes
and machair (Ritchie, 1966), only the Inner Hebridean island of Tiree (335% of total land
area consisting of dunes and machair) (Boyd and Boyd, 1990) is more remarkable.
Table 3.1 Machair statistics of the Isle of South Uist (adapted
from Ritchie, 1966).
Statistic	 Value
Total area of land	 29,7855ha
Total area of machair land 	 2,5848ha
00 machair to total area	 87%
00 machair to area under lOOft O.D.
	 156%
The status of the South Uist machairs as nationally important habitats is confirmed by the
fact that they are designated part of the Machair of the Uists and Benbecula, Barra and
Vatersay Environmentally Sensitive Area (D.A.F.S., 1989; Angus, 1996) (Figure 3.1).
Created in 1988 and incorporating an estimated 7,500ha of machair (D.A.F.S., 1989), the
Machair ESA has considerable landscape, archaeological and nature conservation interest.
In addition to its botanical and aesthetic value, the machair has particular ornithological
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importance and accommodates large numbers of breeding waders including lapwings,
oystercatchers, ringed plovers, dunlin, snipe and redshank. The area is also home to an
estimated 25% of the British breeding population of corncrakes (D.A.F.S., 1989) and
provides an important overwintering site for wildfowl (Angus, 1996).
The area of dune and machair running south from Drimsdale (GR NF7537) to Ludag (GR
NF7814) possesses unique landscape qualities and represents the South Uist Machair
National Scenic Area. Additionally, no less than six of the island's Sites of Special
Scientific Interest (SSSI), four of which are identified within Ratcliffe's (1977) 'A Nature
Conservation Review', include areas of dune and machair vegetation (Table 3.2).
Table 3.2 South Uist SSSIs which include areas of dune and/or machair vegetation (adapted from
Pankhurst and Mullin, 1991; Angus, 1996; Dargie, 1997).
Site of Special	 Total area	 Date designated	 NCR grade	 O.S. grid
Scientific Interest 	 (hectares)	 (where	 reference
(SSSI)	 applicable)
Bornishand	 6627	 l61l88	 -	 NF753309
Ormiclate Machair
Howmore Estuary,	 4241	 25-85	 NCRI*	 NF756356
Loch Roag and Loch
Fada
Loch Bee	 l,1729	 30l084	 -	 NF770430
Loch Bee Machair 	 79065	 ?	 NCR	 NF760420
Loch Druidibegt	 l,6770	 23387	 NCRI*	 NF782378
Loch Hallan	 3384	 4288	 NCR1	 NF73 8224
t Loch Druidibeg is also designated a National Nature Reserve (NNR), a Special Protection Area (SPA) (Birds
Directive), a Ramsar site and a Biosphere Reserve (Angus, 1994; 1996)
Bornish and Ormiclate Machair; Howmore Estuary, Loch Roag and Loch Fada; and Loch
1-lallan SSSIs are notable for their extensive cultivation by traditional rotational techniques
and Loch Hallan is also important for its arable weed flora. Loch Bee Machair and Loch
Druidibeg both exhibit an excellent range of different machair types (Angus, 1996). Due to
the combination of varied land use and machair landforms, Loch Druidibeg SSSI is a
particularly good site for the study of machair (Angus, 1996). A total of approximately
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1 ,956ha of dune and machair habitat is contained within these SSSIs (Dargie, 1997). The
conservation importance of the South Uist machairs is a further factor influencing their
selection for investigation: reaching an understanding of the dynamics of these already
threatened communities is the central aim of the research (Chapter 1).
3.1.4 Human impacts
The machair of the Uists has a long history of grazing and cultivation (e.g. Ritchie, 1971;
Dickinson, 1974; Boyd and Boyd, 1990) and the persistence of traditional crofling
techniques in South Uist, in particular, has been attributed to the richness of the machair
which greatly increases the island's agricultural value (Knox, 1974). A notable area of the
South Uist machair is given over to agriculture. Approximately 899ha, or 335% of the
total sand area above MHWS, is cultivated or fallow land (Dargie, 1997), making it a
particularly appropriate island for investigating agricultural impacts on machair.
Further human impacts on the South Uist machairs include the use of an area of dunes
situated at West Gerinish as a Royal Artillery ground to air missile testing range.
Anthropogenic impacts through recreational use of South Uist machairs are generally low
(Ritchie, 1971; Dargie, 1997) and the use of an unimproved section of the Askernish
machair as a golf course is probably the most signIficant recreational development. This
limited recreational use may be partly attributed to the restricted vehicular accessibility of
the beach resource. A single main north to south road runs the length of the island and
access to the beach areas is via a series of smaller westerly-leading roads which merge, at
each crofling township, into untarred rough track. Pedestrian access is more freely
available via the 'machair track' which runs between machair and croffland along the
length of South Uist.
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3.1.5 Vegetation
Previous considerations of the contemporary vegetation of the dunes and machairs of South
Uist include those produced by Owen et a!. (1998), Kent eta!. (1994; 1996) and Gilbertson
et a!. (1995). Contract surveys for various organisations including the CCS (Ritchie,
1971), the NCC (Pitkin et al., 1983; Crawford, 1988a; 1988b; 1988c; 1988d) and the JNCC
(Dargie, 1997) have also proved invaluable in reaching a deeper understanding of South
Uist coastal plant communities.
3.2 SELECTION AND DESCRIPTION OF FIELD SITES
Two field sites (Kildonan and Drimsdale) (Figure 3.2) were selected in an attempt to assess
the effects of both human and environmental impacts on two typical but differing examples
of the vegetation and soils of South Uist machair. The main criteria for selection of these
two areas for research were that the machair resource was readily available and easily
accessible at both sites. These two areas represent machair systems subject to differing
degrees of agricultural management: whereas Kildonan is subject to some cereal cropping
and lazy-bedding, use of the machair for arable cultivation is more apparent at Drimsdale.
3.2.1 Kildonan (Ciii Donnain)
Grid Reference: NF74 1278 Western Isles
Situated some 10km north of the port of Lochboisdale (NF789195) and immediately south
of the Rubha Ardvule headland, Kildonan (Figure 3.2; Plates 3.la and b) is an area of
dunes and machair lying within the Bornish and Ormiclate Machair SSSI (Section 3.1.3).
The main geological and geomorphological features of the site have been fully described
by Ritchie (1966; 1967; 1979). The vegetation of Kildonan machair has been surveyed by
Mather and Ritchie (1977) as part of 'The beaches of the Highlands and Islands of
Scotland' survey; and also as part of 'The Sand Dune Vegetation Survey of Scotland'
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(Dargie, 1997). Further studies at Kildonan have included those undertaken by Kent et al.
(1994; 1996), and Gilbertson et al. (1995), as part of their broader investigations into the
ecology of the plant communities of the southern Outer Hebrides.
Kildonan is subject to grazing by domestic sheep and some cattle, and the area has a large
population of feral rabbits. During the winter months, the township gates which traverse
the machair track are opened and the machair land becomes common grazing for both
sheep and cattle. The fertile machair plain is subject to plough and spade cultivation, for
the production of cereals and potatoes, respectively. Kildonan is an excellent example of a
South Uist 'machair system', with vegetation transitions running from strandline, through
dunes and dune slacks, machair plain, a coastal loch and marsh, through the peaty
'blackland' to the acidic moorland in the east.
3.2.2 Drimsdale (Dremisdale)
Grid Reference: NF758375 Western Isles
Falling within the Loch Druidibeg NNR, Drimsdale machair lies approximately 10km
north of Kildonan and immediately west of Loch Druidibeg itself (Figure 3.2; Plates 3.2a
and b). Previous surveys of the machair vegetation at Drimsdale have included those of
Crawford (1988d) and Dargie (1997). During his survey of the beaches of Barra and the
Uists, Drimsdale was selected by Ritchie (1971) as a representative study area. The major
features of the machair landforms at Drimsdale are discussed by Ritchie (1966; 1967).
Ritchie (1967) identifies the major geomorphological feature of the high machair at
Drimsdale as a ridge of rock, running approximately north-south, which has acted as a
large-scale barrier, against which large volumes of shell-sand have been piled. On the
windward side of the rock ridge, the blown sand cover is uneven and reaches a depth of
approximately nine feet. On the leeward side, however, the surface of the blown sand is
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Plate 3.2a (upper plate) View of Drimsdale machair, looking north toward Benbecula.
Plate 3.2b (lower plate) View of Drimsdale machair, looking south toward Barra.
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relatively smoother and deeper (Ritchie, 1967). The main effect of this underlying
geomorphology is the division of Drimsdale into two distinct machair types. The higher
machair, which lies to the east of the rock ridge, is dry and the ground undulates gently.
Low machair lies to the seaward side of the rock ridge and is characteristically wetter with
a number of permanently damp slacks or hollows.
Formed as a crofting township in 1924 (Ritchie, 1971), cereal crops are cultivated, on a
rotational basis, on either side of a central fence. Production of potatoes for domestic
consumption is largely concentrated in an area of lazy-beds towards the north end of the
site. Hay fields are situated in the wetter areas to the east of the machair track which runs
the length of the island. As at Kildonan, the township gates are opened during the winter
months and the machair is grazed by domestic stock.
3.3 THE VEGETATION AND ENVIRONMENTAL GRADIENTS OF KILDONAN
AND DRIMSDALE MACHAIRS
3.3.1 Introduction
3.3.1.1 Environmental gradients within coastal dune systems
The coastal sand dune ecosystem is widely described as a system of gradients which operate
on a range of different spatial and temporal scales (e.g. van der Maarel, 1966; Carter, 1988).
The combined effects of these environmental gradients result in the formation of complex
plant habitats within the dune system (Castillo et a!., 1991). Early accounts of dune
vegetation and its associated habitats were largely descriptive (e.g. Tansley, 1949; Salisbury,
1952; Chapter 2). However, recent emphasis has been placed on phytosociological
classification and characterization of dune communities (e.g. Moore, 1971; Malloch, 1989;
Dargie, 1993; 1995; Radley, 1994). Ordination/gradient analyses have frequently been
applied to elucidate relationships between environmental gradients and phytosociologically-
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defined floristic groups (e.g. Sykes and Wilson, 1987; Moreno-Casasola, 1988).
As a result of classification and ordination exercises such as those described above, strong
correlations between vegetation types and various environmental factors have been
chronicled by numerous authors. Important factors controlling the distribution of plant
communities within global sand dune systems include: pH, moisture, elevation, soil nutrient
and organic matter contents, sand deposition, sand texture and grain size, salinity, wind
action, grazing and dune stability (van der Maarel and Leertouwer, 1967; Randall, 1970;
Eldred and Maun, 1982; Onyekwelu, 1972; Ranwell, 1972; Ayyad, 1973; van der Maarel,
1979; Hobbs and Grace, 1981; Moreno-Casasola, 1986; 1988; Carter, 1988; Castillo et a!.,
1991; Sykes and Wilson, 1991). 	 Such environmental gradients generally operate
orthogonally to the coast, so that it is possible to recognize a gradation of environmental
factors from the mobile shore areas to the more stable landward areas of a dune system
(Willis, 1989; Ranwell, 1972). Resultant from this fact is the zonation of vegetation into
bands parallel to the shore (e.g. Oosting and Billings, 1942; Ranwell, 1972; Barbour, de Jong
and Pavlik, 1985; Doing, 1985; Espejel, 1987). Running inland from the beach, this zonation
of vegetation types is a characteristic feature of coastal dunes world-wide and may be
correlated to both environmental and biotic gradients.
3.3.1.2 Machair vegetation in relation to environmental factors
In their paper on the machair of South Uist, Dickinson et al. (1971) used phytosociological
techniques to produce a map of the vegetation. The data from their investigation describes
the zonation of plant communities away from the sea, with an ordering of vegetation types
from the beach through sand dunes and slacks to grassland, marsh and acid blackland. The
complexity of machair spatial zonation is further described by Dickinson (1974) and
Dickinson and Randall (1979). Vose et a!. (1956) recognized a similar pattern of seral
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stages on the machair grazings of the Isle of Tiree in the Inner Hebrides and recorded six
stages in the formation and development of machair, each characterized by different biotic
and physical factors. Mobile dune communities were identified by the presence of
Elytrigiajuncea and Taraxacum laevigatum. Pasture species such as Lotus corniculatus,
Poa trivialis L., Agrostis stolon ([era L. and Lolium perenne L. began to invade in the stable
dunes, although no mosses were recorded until the fixed dune phases. Vose et a!. (1956)
recorded three stages of machair vegetation: young, mature and old machair, all largely
dominated by Festuca rubra and characterized by the grassland species described by
Gimingham (1964) (Chapter 2). The transition region from the drier machair areas to
marsh was characterized by changes in the proportions and relative importance of the
typical machair species.
Randall (1976) performed a similar study to those of Dickinson et a!. (1971) and Vose et
a!. (1956), describing the ordering of vegetation types inland from the sea on the Monach
Isles. On the Monach Isles, sand is blown from many points of the compass and Randall's
survey did not, therefore, show the classic orthogonal ordering of vegetation as
demonstrated by Dickinson et a!. (1971). Randall (1976) recognized four broad plant
communities which he described as a "dune type, sandy grassland type, peaty sedgeland
type and a residue". The vegetation types and their representative species agreed well with
those of Vose et a!. (1956) and Dickinson et a!. (1971). Among the definitive machair
species once again F. rubra, Bellis perennis, Achillea millefolium, Galium verum and
Euphrasia officinalis agg. were recognized.
A number of authors have considered the importance of different biotic and environmental
factors in creating and maintaining the classical ordering of vegetation types described by
Dickinson et a!. (1971). Vose et a!. (1956) demonstrated a steady increase in the organic
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matter content of the soil and a general decline in pH value on moving inland towards the
zones of more mature vegetation. Average moisture content also increases through the
vegetation types, although calcium carbonate content tends to progressively decrease
(Randall, 1976). It is clear that the zonation of plant communities is related to differences
in soil and other environmental factors, although biotic elements, and grazing in particular,
may also be important in this respect (Chapter 2).
Although previous investigations have recognized the importance of machair plant
communities in the Hebridean natural environment (e.g. Ritchie, 1976; 1979), the bulk of
botanical literature is purely descriptive (e.g. Gimingham, 1964; Currie, 1979; Boyd and
Boyd, 1990; Pankhurst and Mullin, 1991) and very few detailed phytosociolgical studies have
been completed (Kent et al., 1996; Owen et a!., 1996). Early attempts using classification
and ordination techniques to relate machair plant species patterns with environmental factors
which modify their distribution, and linking machair zonation to environmental gradients,
include those of Dickinson et a!. (1971), Dickinson (1974) and Dickinson and Randall
(1979).
More recent phytosociological accounts of Hebridean machair are largely based on studies
conducted on the southern-most islands and are dominated by those of Gilbertson et a(.
(1994; 1995) and Kent et a!. (1994; 1996). These investigations were aimed to
phytosociologically classify the plant communities of the southern Outer Hebrides and
examine relationships between plant communities and environmental gradients. In each case,
community types were identified using Two Way Indicator Species Analysis (TWINSPAN)
whilst Canonical Correspondence Analysis (CCA) was used to determine the prevailing
environmental gradients.
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3.3.2 Aims
This investigation primarily aimed to produce a complete characterization (through the use of
phytosociological classification techniques) of the plant communities and sub-communities
present at Kildonan and Drimsdale machair systems. Secondly, these communities would be
compared to previously described machair vegetation types.
	
Additionally, use of
contemporary ordination analyses was intended to identify the main environmental factors
affecting vegetation patterns within both machairs. The ultimate aim was to use the
information resulting from these investigations to select vegetation types suitable for studying
anthropogenic and environmental impacts on the machair habitat, including cultivation and
burial by sand.
3.3.3 Methods
3.3.3.1 Sampling strategy
A detailed vegetation survey was undertaken at Kildonan during the first two weeks of June
1995 (Owen ci a!., 1998) and similarly at Drimsdale during the first fortnight in July 1996.
At both sites, sampling effort was restricted to a rectangular area (approximately 1 000m x
500m in dimension) running west to east: from the cobbled storm beach to the edge of Upper
Loch Kildonan (NF735285) at Kildonan (Figure 3.3) and from the storm beach to the margin
of Loch Stilligany (NF758383) at Drimsdale (Figure 3.4). At both sites, working from the
storm beach landwards, quadrats were positioned in a zone across the machair, from north to
south, wherever there was an obvious change in the species composition and/or structure of
the vegetation, and also where the vegetation was subject to different management regimes
(e.g Gilbertson ci a!., 1995). The sampling method employed was, therefore, deliberately
biased to efficiently meet the specific aim of recording as much floristic variability as
possible (Kent and Coker, 1992).
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3.3.3.2 Vegetation description
All species of higher plants, mosses, liverworts and lichens were identified in a total of 215
1 m x 1 m quadrats at Kildonan, and similarly for 103 quadrats at Drimsdale. Abundance data
within each quadrat were based on the percentage cover, assessed by eye, of each species.
Percentage cover values were also recorded for litter, standing water and bare sand/soillrock.
This was considered to be the most suitable recording method as percentage cover
estimations are rapid, repeatable and cause minimal damage to vegetation (Goldsmith et a!.,
1986; Kent and Coker, 1992). Species identifications were confirmed using Clapham, Tutin
and Warburg (1981), Stace (1991), Watson (1981) and Dobson (1992).
3.3.3.3 Collection of environmental data
At each quadrat, data were collected on altitude, slope angle, aspect and soillsand depth.
Aspect data were recorded as degrees from north. Soillsand depths were determined by
means of a graduated metal probe with the final value taken as the average of 5 points.
Following analysis of the Kildonan data set, the altitude and soil/sand depth data were not
recorded at Drimsdale. A soil sample, taken from the 0-Scm horizon, was collected at each
quadrat and stored in a metal tin for approximately one week prior to analysis.
3.3.3.4 Soil analyses
A range of pedological analyses were undertaken in an attempt to establish a broad
correlation between soil and vegetation type.
pH and conductivity
The pH of a soil is considered to be an indication of its overall chemical status and as such
provides a useful basis for comparison (Smith and Atkinson, 1975). Conductivity gives a
general indication of the electrolyte content of a soil.
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The p1-I status of a soil is generally affected by air-drying (Allen et al., 1974). Determination
of pH was, therefore, carried out on field-fresh soil. As increasing dilution tends to increase
the p1-I of a suspension, Allen et al. (1974), Smith and Atkinson (1975), Bascomb (1982) and
Rowell (1994) recommend a 1 :25 dilution for the electrometric determination of pH.
Twenty-five ml of de-ionized water were added to lOg of soil in a 1 OOml beaker, stirred
thoroughly and allowed to stand for approximately five minutes. A Russell 640 pH meter
with automatic temperature correction, correctly buffered with pH buffers 40 and 70 was
used to record pH.
Following pH measurements, the conductivity of each sample was determined using a WTW
LF96 microprocessor conductivity meter.
% soil moisture content
The moisture content of a soil may be used as an indication of its capacity to hold or to shed
water. Determination of the % gravimetric soil moisture content was conducted on
approximately 1 Og samples of soil, dried in an oven at 105°C for 24 hours. The % soil
moisture of each sample was calculated as a function of the oven dried sample weight (Smith
and Atkinson, 1975; Rowell, 1994) so that:
Loss in soil weight (gL_ < 100
% soil moisture content = Weight of oven dried soil (g)
% organic matter content
Soil organic matter is considered to be all the non-living organic material present in the soil
and is a function of climate, nutrient supply and land management techniques. Loss on
ignition (L.O.I.) is universally accepted as a crude estimate of the amount of organic matter
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present in the soil (Allen et al., 1974; 1986; Smith and Atkinson, 1975; Bascomb, 1982;
Rowell, 1994).
Oven-dry material from the soil moisture determination (see above) was placed into weighed
dry porcelain crucibles. Crucibles and contents were then accurately weighed and fired in a
muffle furnace at 400°C for eight hours. The samples were allowed to cool prior to re-
weighing. The % organic matter content of each sample was calculated on the basis of
weight lost during combustion (Smith and Atkinson, 1975; Bascomb, 1982):
weight loss (g)	
< 100
% organic matter = initial weight of sample (g)
Exchangeable potassium, sodium, calcium and magnesium
Determinations of the amounts of exchangeable potassium, sodium, calcium and magnesium
were achieved following extraction with 1M ammonium acetate (Allen et al., 1974; 1986;
Smith and Atkinson, 1975; Bascomb, 1982; Rowell, 1994). This method relies on an excess
of ammonium ions displacing the potassium, sodium, calcium and magnesium cations from
the soil exchange sites. The displaced metal ions are then quantitatively estimated.
Two grams of air-dried soil, sieved to pass through a 2mm sieve, were shaken with 50m1 of
1 M ammonium acetate in a screw-capped polyethene bottle for 1 hour on a rotary mixer. The
samples were allowed to stand for 48 hours prior to filtering through Whatman No. 1 filter
paper into 50m1 volumetric flasks. Each sample was made up to 50m1 volume with 1M
ammonium acetate.
Sodium and potassium were determined on a CORNiNG 410C clinical flame photometer
using separate filters. The instrument was calibrated using working standards at 5mg/i and
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1 0mg/i made up from mixed stock standard solution for sodium and potassium. Stability of
the scale zero and 100% transmission were ensured through re-calibration of the instrument
after every 25 readings.
Concentrations of exchangeable calcium and magnesium in the soils were determined using a
VARIAN SpectrAA-600 flame atomic absorption spectrophotometer with automatic 'sip'
dilution facility.
Available phosphorus
Phosphorus availability is often low in soils, as the majority is generally fixed as calcium
phosphate at high pH, or as aluminium and iron phosphates of low solubility at low pH
(Smith and Atkinson, 1975). Further amounts of phosphorus occur as inositol hexaphosphate
in soil organic matter (Smith and Atkinson, 1975).
Several methods exist for estimating levels of available phosphorus in soils, but for surveys
and preliminary studies Olsen's bicarbonate extraction is widely used (Allen et aL, 1974) and
has been adopted for general use by the Agricultural Development and Advisory Service
(ADAS) (Smith and Atkinson, 1975).
Two grams of air-dried sieved <2mm soil was shaken with 40m1 05M sodium bicarbonate
solution in a screw-capped bottle for 2 hours on a rotary mixer. The samples were filtered
through Whatman No.1 filter paper into 1 OOml glass beakers.
Phosphorus concentrations were determined using the molybdenum blue colorometric
method (Allen et al., 1974; 1986). Sm! of filtrate were pipetted into a 25mm-diameter test
tube. Twenty ml ammonium acetate (015% w/v), 05m1 3M sulphuric acid and 50nil
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ascorbic acid (15% w/v) were added and the sample allowed to stand for 20 minutes to
permit colour development. The absorbancy of each sample was measured on a ZEISS
UV/VIS SPECORD M500 flame atomic absorption spectrophotometer set at 880nm.
Working standards of 0, 10, 30, 50 and 70 mg/I phosphate were made up using sodium
bicarbonate and phosphate stock solution. The readings for the standards were drawn up as a
calibration curve against which the sample readings were interpreted.
3.3.3.5 Analysis of vegetation and environmental data
The broad aims of data analysis were to describe the plant communities present at both field
sites and to discuss these communities in the context of their physical and chemical
environments. To achieve these aims, two separate analyses were carried out.
Definition and classUlcation ofplant community t)qes
In the first analysis, the main plant communities present at Kildonan and Drimsdale were
defined and classified using Two-Way Indicator Species Analysis (TWINSPAN) (Hill,
1979b; Kent and Coker, 1992). Tausch et al. (1995), Podani (1997) and Oksanen and
Minchin (1997) have illustrated that the TWINS PAN classification computer program s
sensitive to the input order of the data. Classification of the data was, therefore, achieved
using the updated version of TWINSPAN (Minchin, 1997). A polythetic divisive numerical
classification method, TW1NSPAN has the advantage of being both robust and widely-used
(Kent and Coker, 1992) and forms the basis of many NYC classifications. The floristic data
were entered into the TWINSPAN program and default cut levels for defining pseudospecies
were applied (Kent and Coker, 1992). In terms of interpretation of the final output table, the
eight groups of quadrats at the third hierarchical level were taken as the starting point for
derivation of TWINSPAN groups. For each group of quadrats in the third and subsequent
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hierarchical levels, the percentage constancy by group of each species was calculated:
constancy was defined as the number of quadrats in which the species occurred expressed as
a percentage of the total number of quadrats taken (Kent and Coker, 1992). TWINSPAN
groups were then characterized by their most consistent species (i.e. those with the highest
constancies) and a summary table of machair community types was constructed.
Characterizing species were defined as those species with a percentage constancy by group of
50% and greater. Associated species were defmed as those species with a constancy of
greater than 25%, but less than 50%. Those groups with the qualitative and quantitative
species compositions which made the most ecological sense and which, in addition, related
well to previously recognized communities, [including those of Pankhurst (1991) and those
provisionally identified by the National Vegetation Classification (NVC) (Rodwell, in prep.;
Dargie, 1993; 1997)], were taken as the final set of TWINSPAN groups. The fmal
TWINSPAN groups were, therefore, not all necessarily taken from the same hierarchical
level. The NVC volume on maritime vegetation was still in preparation at the time of
writing. Use of the TABLEFIT program (Hill, 1993) to assign each TWINSPAN group to a
NVC class was, therefore, not undertaken.
Ordination offioristic and environmental data
The principal aim of the second analysis was to assess the floristic and environmental
relationships occurring within the machair data sets. Vegetation and environmental data from
Kildonan and Drimsdale were, therefore, examined by Canonical Correspondence Analysis
(CCA) (ter Braak, 1986; 1987) and the associated CANOCO package for computer (ter
Braak, 1988), which greatly enhances the interpretation of environmental gradients occurring
within a data set (Kent and Coker, 1992). CCA is a direct method which simultaneously
deals with many species and many environmental variables, incorporating both correlation
and regression into the ordination analysis itself to detect patterns within a set of
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vegetation/environmental data (ter Braak, 1987; Kent and Coker, 1992). Although CCA has
a number of drawbacks (see, for example, ter Braak, 1987; ter Braak and Prentice, 1988), use
of this method is considered more powerful than other ordination techniques in detecting
species-environment relationships, and is most suitable where the number of environmental
variables is small compared to the number of quadrats (ter Braak and Prentice, 1988). A
fuller discussion of the mechanism of Canonical Correspondence Analysis is given by ter
Braak (1986; 1987).
3.3.4 Results
3.3.4.1 Identification of the main plant communities and environmental gradients at Kildonan
A total of 156 species were found in 215 quadrats (Appendix IA). TWINSPAN identified
fourteen plant communities (Table 3.3). Species within Table 3.3 are listed in order of
decreasing percentage constancy by group.
Interpretation of CCA output and definition of environmental gradients
The joint biplot of sites and environmental variables produced by Canonical Correspondence
Analysis of all 215 quadrats is presented in Figure 3.5. TWINSPAN groups 1-14 are
superimposed. The eigenvalue for the first axis of the species and environmental variables
biplot is 0569, and 0474 for the second. The species and environmental data account for
24 1 per cent and 20 1 per cent of variance in the first and second axes respectively. The first
two axes therefore account for 442 per cent of the total variance.
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Figure 3.5 Joint hiplot of sites and cn ironmental variables produced by Canonical Correspondeti
Analsis of all 215 quadrats taken during the Kildonan vegetation survey. June 1995. TWINSPAN gro
(1-14) are superimposed. Eigenvalues: Axis I O'569. Axis 2 = O'474. Variance explained by the first t
axes 442°o. Where: Alt = altitude: Slope slope angle: Aspct = aspect: pH pH: °às.m. = o s
moisture: 0,m• o organic matter: Mndp mean soil sand depth: Condc = conductivit: Phosp
phosphorLis: Poias poIasium: Sodm sodium: Calcm calcium: Magm magnesium.
The data presented in Table 3.4 represent correlation coefficients among the environmental
variables and the floristic axes, and indicate that floristic variation along the first axis is most
strongly positively correlated with organic matter (r = O'749) and soil moisture (r = O'628).
The first ordination axis is most strongly negatively correlated with pH (r = -O'555). Not
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surprisingly, Table 3.4 indicates that organic matter and soil moisture are strongly positively
correlated to each other (r = 0838), whilst they are negatively correlated to soil pH (r -
0351 and -0304 respectively). The second ordination axis is predominantly correlated with
soil/sand depth (r = -0565), closely followed by pH (r = -0482).
Analysis of vegetation and environmental data from all 215 quadrats taken at Kildonan
resulted in a clustering of points around the centre of the ordination diagram. On Figure 3.5 a
total of eighty-one sites are 'hidden' behind other quadrats. In order to gain a better
understanding of the distribution of quadrats along the ordination axes, and produce a less
clustered ordination diagram, the canonical correspondence analysis was re-run several times
so that outlying sites were removed by a gradual process of deletion (Kent and Coker, 1992).
Outlying quadrats are those samples which, due to marked differences in species
composition, lie at the extremes of the ordination. Removal of these quadrats followed by re-
analysis of the data leads to a better distribution of the remaining sample points and a clearer
understanding of similarities between quadrats (Kent and Coker, 1992). A list of deleted
quadrats and their respective TWINSPAN groups is presented in Table 3.5. Quadrat 1 was
removed from the analysis due to the fact that it was the only sample taken from the storm
beach at Kildonan and was comprised of ninety-nine per cent cobbles. Quadrat positions
following the removal of quadrat numbers 1 and 124 are illustrated in Figure 3.6. Quadrats
205-209, 183-186 and quadrats 165, 193, 195-197 were all taken from the wet machair loch
margin habitats and were characterized by high loadings on ordination axis 1. The very high
soil moisture and organic matter contents found in these quadrats has an obvious effect on the
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Table 3.5 Deleted Kildonan quadrats and their
respective TWINSPAN groups.
Quadrat number
	
TWINSPAN group
(in order of deletion)
I	 (iroup2
	
124	 Group 3
	
207	 Group II
	
209	 Group 11
	
2(15	 (;mup II
	
206	 ('roup II
	
208	 Group II
	
184	 Groupll
	
197	 Group II
	
165	 Groupll
	
186	 (iroup 14
	
183	 Group II
	
196	 (iroup II
	
195	 Group II
	
185	 (iroupll
	
193	 Group 1(1
	
1(H)	 Group 13
- I 0
1 WI\SPAN groUp
Group I • (iroup 8 0
Group 2 • Group 9 0
Group 3
	
(iroup 10
Group 4 • Group II
Group 5 S Group 12
Group 6 • Group 13 C
(iroup • (iroup 14
p11	 '"•
. //
.11 I	
..:i.
Figure 3.6 Joint hiplot of sites and environmental variables produced by Canonical Correspondence
Analysis of all 215 quadrats taken during the Kildonan vegetation survey. June 1995. Quadrats I and 124
removed from the analysis. TWINSPAN groups (1-14) are superimposed. Eigenvalues: Axis 1 = O567.
Axis 2 - O29O. Variance explained by the first two axes = 445%. Where: Alt altitude: Slope = slope
angle: Aspct -- aspect: pH = pH: °os.m. = % soil moisture: °-oo.m. 0o organic matter: Mndp = mean
soil sand depth: Condc conductivit y: Phosp = phosphorus: Potass = potassium: Sodm = sodium: Calcm =
calcium: Magm iliagnesium.
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positioning of the remaining quadrats on the ordination diagram. The distribution of quadrats
following the deletion of these samples is presented in Figure 3.7.
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Figure 3.7 Joint hiplot of itcs and enironmentaI ariahIe produced by Canonical Correspondence
Anal sic of all 215 quadrats taken during the Kildonan vegetation survey. June 1995. Quadrats I. 124.
205-209. 183-186. 165. 193 and 195-197 removed from the analysis. TWINSPAN groups (1-13) are
superimposed. ligcnaIues: Axis I 05ll. Axis 2 = 0213. Variance explained by the first two axes =
474°. here: Alt altitude: Slope slope angle: Aspct = aspect: pH pH: °os.m. = 0 0 soil moisture:
°oo.m. 0 oranic matter: Mndp nican soil sand depth: Condc = conductivity : Phosp = phosphorus:
Pota. Niassium: Sodm	 odiuii: ('alcm calcium: \1am mafleSium.
Fhe final CANOC() anal ysis was run with 198 quadrats and 154 species. The quadrat-
environment hiplot from this analysis is presented in Figure 3.8: as in the tirst analysis. a
number of points are hidden. The first axis of the sample ordination accounted for 334% of
the total Iloristic variation. Table 3.6 indicates that the highest correlations with the first axis
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Figure 3.8 Joint biplot of sites and environmental variables produced by Canonical Correspondence
Analysis of all 215 quadrats taken during the Kildonan vegetation survey. June 1995. Quadrats I. 124. 205-
209. 183-186. 165. 193. 195-197 and 100 removed from the analysis. TWINSPAN groups (1-13) are
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The second axis accounts for 130% of the total floristic variation and is correlated with
phosphorus (r = 0309) and soil organic matter (r = -O263) (Table 3.6). The uppermost part
of Figure 3.8 is, therefore, largely populated by samples which exhibit relatively high
concentrations of soil phosphorus in conjunction with low soil organic matter. In contrast,
samples taken from areas with greater amounts of soil organic matter and relatively less
available phosphorus are situated towards the bottom of the ordination.
Interpretation of TWINSPAN output
Group 1(10 samples)
This group of quadrats, identified by a constant cover of Ammophila arenaria, represents a
gradation from foredune to yellow dune and appears to correspond to the NVC SD6
Ammophila arenaria mobile dune community. More specifically, a relatively high constancy
of Elytrigiajuncea, coupled with the characteristic presence of Festuca rubra., Galium verum,
Plantago lanceolata and Achilea millefolium, suggests that the vegetation in these quadrats
is more closely related to that of the SD6a Elymus farchsISD6e Festuca rubra sub-
communities. Soi[fsand moisture and organic matter are both 'o'. With a mean p%i ol %fl
(Table 3.7), the soils of this collection of quadrats are the m.ost a&a1ixe of arj of the
TWINSPAN groups identified in this survey. Dargie (1997) has recorded an SD6aJe
intermediate community from South Uist, although this categoiy is also similar to the Group
B foredune community recognized by Kent et a!. (1996) on Barra, Vatersay and Sandray.
Group 2 (4 samples)
Characterized by an abundance of A. arenaria, F. rubra and Elytrigia repens (L.) Desv. ex
Nevski, this small set of samples closely identifies with the Ammophila arenaria yellow dune
community of Pankhurst (1991). Lotus corniculatus, G. verum, Poa humilis Ehrh. Ex
Hoffm., P. lanceolata, Arctium minus (Hill) Bernh. and Rhinanthus minor L. are also well-
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represented in this group. Although organic matter contents are similar to those of Group 1,
percentage soil moisture is greater (Table 3.7), suggesting that these quadrats exemplify a
more mature stage of the mobile dune system. Quadrats in this group are more closely related
to soil pH values than quadrats in Group 1 (Figure 3.8).
Table 3.7 Mean and standard error of soil variables for samples within Kildonan TWINSPAN groups 1-
14.
TWINSPAN Conductivity	 pH	 % 0 M. % S M	 Phosphorus	 Potassium	 Sodium	 Calcium	 Magnesium
group	 (iS cm)	 (mg/kg soil) 	 (mg/kg soil)	 (mg/kg soil) 	 (mg/kg soil)	 (mg/kg soil)
Group I	 10427	 822	 2 15	 547	 4179	 295	 48-71	 806340	 291-71
	
/308	 007	 032	 100	 223	 109	 /240	 156 II	 1571
Group 2	 5275	 774	 355	 1949	 3409	 3-06	 24-65	 6336-30	 236-99
	
/845	 /94	 093	 498	 1238	 / /6	 977	 2/51 55	 8356
Group 3	 5549	 799	 203	 6-55	 27 19	 327	 3503	 7755-19	 229-36
	
389	 005	 029	 10/	 26/	 092	 825	 2/6 92	 766
Group4	 7218	 766	 5-40	 2033	 35-29	 5-79	 30-48	 1665-91	 246-22
	
355	 004	 042	 /32	 /89	 065	 292	 16363	 788
GroupS	 5860	 7 71	 366	 14 33	 3345	 4-51	 35-61	 7379-06	 251-73
	
3/3	 006	 033	 1/6	 228	 073	 536	 30208	 /47/
Group 6	 8400	 759	 667	 14 80	 55-13	 5-56	 2627	 7306-59	 229-41
	
7/2	 009	 032	 /39	 3/7	 078	 /53	 27607	 913
Group?	 10869	 7-65	 3-26	 14-50	 4-442	 7-37	 26-55	 7555-49	 261-31
	
/3/2	 0/3	 04/	 /38	 925	 258	 2/4	 26/ 16	 3124
Group8	 11208	 7-03	 299	 29-14	 2068	 6-41	 27-88	 7993-98	 231-50
	
1093	 0/0	 040	 68/	 257	 265	 340	 35299	 1483
Group9	 121 18	 720	 880	 8759	 41-51	 469	 29-44	 7128-IS	 203-28
	
1586	 015	 340	 288/	 753	 140	 296	 85473	 2053
Group 10	 9023	 748	 1357	 8447	 3295	 4-51	 26-14	 8473-20	 309-10
	
/1 35	 0 /3	 4 /3	 2892	 596	 1/9	 358	 58078	 9997
Group II	 15032	 670	 3339	 73991	 3735	 33-04	 47-70	 7916-90	 313-84
	
1218	 021	 507	 19510	 551	 5%	 4b,b
Group 12	 11036	 692	 7-0!	 3917	 4022	 429	 297(	 S€	 W.IS
	
12/6	 007	 090	 756	 325	 /04	 240	 /5723	 46/9
Group 13	 12593	 686	 387	 140-53	 20-10	 9-72	 3775	 805297	 22401
	
322/	 026	 24!	 5685	 932	 344	 1261	 28464	 7877
Group 14	 116 I	 620	 6788	 103626	 3-97	 24-53	 63-78	 642756	 98-13
	
000	 000	 000	 000	 000	 000	 000	 000	 000
Group 3 (9 samples), Group 4 (60 samples), Group 5 (25 samples), Group 6 (14 samples) and
Group 7 (II samples)
Taken together, these five groups account for over half the total data set and encompass the
many different vegetation types which occur from the rear of the seaward yellow dunes,
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through the grassland quadrats of the machair plain to the slopes of the inner dune cordon.
Quadrats in Group 3 were taken from the vertical faces of the landward dunes and from the
sides of the machair plain ridges. Ammophila arenaria is still a constant species in this group
of samples, indicating that these areas are subject to some degree of sand movement. This is
confirmed by the high constancy of bare sand (89%) in these quadrats. Soil moisture and
organic matter are correspondingly low (Table 3.7), although Table 3.3 indicates that the
sides of the back dunes and machair plain ridges are characterized by relatively high species
diversity. This evidence of partial stabilization suggests that Group 3 represents a SD7 semi-
fixed dune grassland.
The large collection of samples constituting Group 4 includes quadrats from the backs of the
yellow dunes, from the machair plain, and from the front and back slopes of the landward
dune system. The diversity of machair microhabitats sampled and contained within this
group is illustrated by the widespread nature of points representing this TWINSPAN group
on the ordination diagram (Figure 3.8). Festuca rubra, P. lanceolata, Senecio jacobaea,
Trfolium repens, Euphrasia officinaUs agg., G. verum, A. miUefoium, L. corncu}a1us aM
Bellis perennis are the characterizing dominant species in these quadrats. Soil moisture and
organic matter are both considerably higher than in previous groups (Table 3.7). These
machair plain and machair dune communities can, therefore, be considered to be relatively
stable, fixed communities. A consideration of the plant species present in these samples
(Table 3.3) indicates that this group of quadrats is probably representative of the NVC SD8
Festuca rubra-Galium verum fixed dune community, although identifying sub-community
types is difficult, as the SD8c Tortula ruralis ssp. ruralformis, SD8d Ranunculus acris-Bellis
perennis and SD8d Prunella vulgaris sub-communities have all been recorded from Kildonan
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(Dargie, 1997). Comparable plant communities have been described for South Uist by
Gilbertson et a!. (1995) and Kent eta!. (1994; 1996).
Group 5 contains quadrats from areas of cultivated machair plain along with quadrats from
the machair plain ridge tops and sides. This group also represents the typical Festuca rubra
machair community described above, but is distinguished from Group 4 by a relatively high
constancy of bare sand and the presence of ruderal species such as Erophi!a verna (L.) DC.,
Erodium cicutarium (L.) L'Hér and Viola tricolor. Figure 3.8 illustrates that although Group
5 is also a relatively widespread group in terms of its positioning on the ordination diagram, it
is clustered slightly more to the centre of the diagram than Group 4.
Groups 6 and 7 are also examples of cultivated machair grassland and are both characterized
by high constancies of bare sand (93 and 100%, respectively), Ranunculus repens (93 and
7300, respectively) and P. lanceolata (79 and 64%, respectively) (Table 3.3). However,
whereas Group 6 largely consists of samples taken from land used as potato patches and is
typified by the presence of Solanum tuberosum (57% constancy) quadrats in Group 7 were
mainly positioned on areas of machair land used for growing arable crops (Hordeum sp. L.).
Both sets of samples are characterized by the presence of a number of species generally
considered to be weeds of agricultural land: Stellaria media (L.) Vii. and Atriplex prostrata
Boucher ex DC. are well-represented in Group 6, while Chrysanthemum segetum, Myosotis
arvensis and Sinapis arvensis L. all occur in Group 7. Although Groups 6 and 7 exhibit
similar pH (759 and 765, respectively) and soil moisture (148 and 145, respectively),
Group 6 is characterized by more than twice the amount of soil organic matter (Table 3.7).
The increased soil organic matter relative to Group 7 may be due to the fact that Group 6 soils
have received additions of seaweed or other organic fertilizers. Both Group 6 and Group 7
are concentrated in the upper left hand side of the ordination diagram (Figure 3.8).
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Group 8 (8 samples) and Group 9 (10 samples)
Both Group 8 and Group 9 are representative of quadrats taken from dune slacks, slack
margins and depressions within the machair. These two groups, therefore, are probably best
described as low damp machair and are accordingly positioned on the right hand side of
Figure 3.8. The vegetation of Group 8 is dominated by T repens (100% constancy) and
Agrostis stolonfera (100% constancy) and is best represented by the NVC MG11 Festuca
rubra-Agrostis stolonfera-Potentilla anserina lowland inundation grassland (Dargie, 1997).
Although Group 9 is also characterized by an 100% cover of A. stolonfera, the T. repens
characterizing Group 8 is replaced by bare sand (100% constancy). The abundance of bare
sand in the quadrats comprising Group 9 is probably largely due to the inclusion of slack
margins in this set of samples. The increasingly wet nature of the areas represented by Group
9 relative to those represented in Group S is confirmed by Group 9 soil moisture (8759%)
(Table 3.7) and the presence of species such as Juncus articulatus L., Calliergon cuspidarum
(Hedw.) Kindb. and Carex fiacca Schreb. Recognized as a "damper element occurring in
depressions in the machair and on the margins of dune slacks" by Gilbertson et al. (1995,
p.29), Group 8 also appears to be directly comparable to the 'inland machair grassland
community' recorded by Kent et a!. (1994).
Group 10 (6 samples) and Group 11(36 quadrats)
Although floristically very different, Groups 10 and 11 are both examples of vegetation types
occurring in the wet machair matrix grading to the loch margin. Quadrats in Group 10 were
taken from previously cultivated areas of the wet machair plain behind the landward dunes.
Characterized by a 100% cover of F. rubra, Poa pratensis, bare sand, Holcus lanatus L. and
Equisetum palustre L., the influences of agriculture on these areas are illustrated by a
moderately high percentage constancy for Hordeum sp. (67%).
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Group 11 would appear to represent a Potentilla anserina-Carex nigra poor fen community
(Pankhurst, 1991). Abiotically, Group 11 is distinguished from Group 10 by its very high soil
moisture (73991%) and organic matter (3339%) (Table 3.7) and biotically by the
characteristic abundance of C. cuspidatum, Carex nigra (L) Reichard, Caitha palustris L.
and Epilobium palustre L. in Group 11. The low pH of &70 confirms that this group is
representative of a gradation from a wet machair community to the typical loch margin
communities. The characteristic assemblage of species constituting Group 11 has previously
been described for South Uist as a Potentilla anserina-Carex nigra-Vicia cracca inner
machair community by Kent et a!. (1994) and as a SD 17 Potentilla anserina-Carex nigra
dune slack (Dargie, 1997).
Group 12 (17 samples)
Table 3.7 indicates that the quadrats comprising Group 12 are typically quite wet (mean
percentage soil moisture 3917). Taken from areas of wet machair as well as from slack
margins within the dry machair matrix, R. repens is dominant, whilst R. minor and P.
pratensis are also abundant elements of the flora of this group. However, it is not possible to
directly relate this TWINSPAN group to any previously recognized vegetation type.
Group 13 (4 samples)
Characterized by a 100% cover of standing water and an abundance of Eleocharis palustris
(L.) Roem. & Schult. and A. stolonfera, Group 13 appears to be closely related to the
Eleocharis palustris swamp communities described by Pankhurst (1991), Kent et a!. (1994)
and Dargie (1997).
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Group 14 (1 sample)
Menyanthes trfoliata L., Galium palustre L., Fontinalis anti-pyretica Hedw. and standing
water all achieve 100% constancy in Group 14. Positioned among a bed of M trfoliata in
Upper Loch Kildonan, the single quadrat comprising this group exhibits the highest soil
moisture and organic matter contents, and lowest soil pH of all fourteen TWINSPAN groups
(Table 3.7). The very wet nature of this single quadrat is reflected by the fact that this group
was an extreme outlier and, therefore, is not represented on Figure 3.8.
Ident/ication ofplant sub-communities
Classification and ordination of the complete data set successfuy identified the major
vegetation types and their controlling environmental gradients at Kildonan. However, the
primary aim of identifying sub-communities suitable for further ecological and physiological
investigation was not fully achieved. It was, therefore, deemed necessary to re-classify the
Kildonan data set on the basis of the dichotomy, illustrated in Figure 3.8, between wet and
dry parts of the machair system. Although the first analyses illustrated the importance of the
wetter areas, particularly loch margin and transitional habitats, detailed investigations of these
vegetation types were considered to be beyond the scope of this research. Exclusion of these
wet quadrats from classification of the data was intended to allow a closer examination of dry
vegetation types. It was particularly desirable that re-classification should reveal the finer
botanical details of those communities subject to human interference (notably Groups 6 and 7
of the previous analysis). Re-analysis of the data was, therefore, restricted to those quadrats
taken from the dunes and thy machair.
TWINSPAN analysis of the dune and dry machair data (103 species in 126 quadrats)
identified a total of sixteen plant communities and sub-communities (Table 3.8). Of these
sixteen vegetation types, ten can be directly related to vegetation groups described as a result
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of the first analysis and do not represent any novel vegetation types. The details of the
species composition and environmental characteristics of these ten groups will not be
expanded further. The remaining six TW1NSPAN groups (Groups A-F) represent vegetation
types additional to those identified in the initial classification. The main floristic and
environmental features of Groups A-F are discussed below.
Group A (1 sample)
This group consists of a single quadrat representing the vegetation of the storm beach at the
extreme westerly edge of the Kildonan study area. The presence of Honckenyapeploides (L)
Ehrh., Galium aparine L. and Rumex crispus L. (Table 3.8) suggest that this quadrat is
representative of the SD2 Honckenya peploides-Cakile maritima/SD3 Matricaria maritima-
Galium aparine strandline communities (Dargie, 1993). Developing "on thin sand deposited
over shingle, the latter material probably allowing SD3 species into the sparse sward", Dargie
(1997, p.24) describes the SD2ISD3 intermediate as being the most extensive strand
vegetation type on the South Uist coast (356ha).
Group B (8 samples)
Re-classification of the data was successful in separating the machair plain quadrats from
the yellow dune and back dune samples, with which they were previously described as
Group 4. Widely-recognized and well-described for the Outer Hebrides (Kent et a!., 1994;
1996; Gilbertson et a!., 1994; 1995), this group of quadrats represents the species-rich
machair grassland (sensu Dickinson et a!., 1971; Dickinson and Randall, 1979). At
1767%, soil moisture content of this group (Table 3.9) agrees closely with that described
for machair grassland in the Monach Isles (c. 18%) by Dickinson and Randall (1979). The
low organic matter content is also in agreement with previously described soil data for
machair (e.g. Dickinson, 1977). The mean pH is 765 (Table 3.9). Soils beneath this
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vegetation type are invariably associated with horizons of dark organic matter, described as
'machair stratification', which represent vegetation previously buried by sand (Gilbertson
eta!., 1995; Kent eta!., 1996).
Table 3.9 Mean and standard error of soil variables for samples within Kildonan TWINSPAN groups A-F.
TWINSPAN	 Conductivity	 pH	 % O.M.	 % S M.	 Phosphorus Potassium	 Sodium	 Calcium	 Magnesium
group	 (jsS/cm)	 (mg/kg	 (mg/kg	 (mg/kg	 (mg/kg	 (mg/kg
soil)	 soil)	 soil)	 soil)	 soil)
GroupA	 *	 *	 *	 *	 *	 *	 *	 *	 *
Group B	 5491	 765	 449	 1767	 2592	 545	 2727	 694591	 19721
507	 009	 043	 178	 346	 075	 /92	 /8417	 1940
Group C
	
9630	 752	 387	 1488	 5125	 447	 2279	 744434	 304.45
/362	 0/4	 038	 160	 542	 145	 224	 18488	 53/9
Group D
	
8093	 758	 503	 1755	 4932	 6-54	 29-44	 713590	 231-53
807	 008	 056	 048	 679	 087	 403	 66766	 229
Group E	 7697	 801	 5-09	 1715	 44-45	 5-68	 33-44	 7362-85	 22392
/28/	 004	 078	 /29	 288	 21!	 572	 47268	 3486
Group F	 6265	 763	 470	 1879	 4100	 6-91	 3087	 769161	 30932
444	 010	 06!	 264	 280	 214	 462	 25275	 8503
* indicates no soil sample available for analysis
Group C (6 samples), Group D (3 samples), Group E (3 samples) and Group F (6 samples)
Previously included in Kildonan Group 6, samples in Groups C-F were all taken from a five-
part potato patch chronosequence situated on the dry machair plain at Kildonan. The six
quadrats constituting Group C were taken from a potato bed fallow for one year. Bare sand is
dominant, although Ranunculus acris, S. jacobaea, R. repens, A. stolonfera, V. tricolor and
S. media all achieve high constancies (Table 3.8). Solanum tuberosum, the crop species,
remains present, one year afier harvest at 83% constancy. Ruderal species e.g. Sinapis
arvensis are present, but, as described by Crawford (1990), their presence is largely
overshadowed by V. tricolor and E. cicutarium. Soil organic matter and moisture contents
are low (186 and 1488%, respectively) (Table 3.9).
Two year fallow vegetation is represented by TWINSPAN group D. Although bare sand
remains a constant feature, stabilization of the surface is very much in evidence: surface-
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fixing mosses Tortula ruralformis, Homalothecium lutescens and Brachythecium sp. occur
at 100%, 33% and 33% constancy, respectively (Table 3.8). This stabilization of the surface
is reflected by greater soil development. Organic matter and soil moisture contents are both
increased relative to one year fallow (Table 3.9). Solanum tuberosum remains present at 67%
constancy. A number of machair species, notably F. rubra, A. stolonfera, R. repens and P.
lanceolata show greater constancy.
Group E consists of three samples taken from the c. 3 year fallow potato patch. This
successional stage is characterized by the presence of Veronica arvensis L., E. officinalis agg.
and L. corniculatus, coupled with the continuing dominance by typical mature machair
grassland species including B. perennis, P. lanceolata etc. Surprisingly, both bare sand and
S. luberosum achieve high constancies. Although the pH of Group E is the most alkaline of
any group identified within the chronosequence (pH 801), % organic matter and % soil
moisture contents do not differ greatly from those described in Group D (Table 3.9).
The final successional stage, from recently abandoned agricultural land to mature machair
grassland, is illustrated by Group F. Species composition of this group is closer to that of the
typical SD8 machair grassland described in Group B of this re-classification. Characteristic
machair species such as F. rubra, T. repens, P. lanceolata, E. officinalis agg. and
Rhytidiadeiphus squarrosus all achieve high constancies (Table 3.8) and are indicative of the
completion of the succession back to natural machair grassland (Dargie, 1993). Organic
matter, soil moisture and pH are accordingly very similar to those of Group B (Table 3.9).
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3.3.4.2 Identification of the main plant communities and environmental gradients at
Drimsdale
One hundred and four plant species were identified in 103 quadrats at Drimsdale (Appendix
IB). TWINSPAN analysis of the data identified ten plant community and sub-community
types (Table 3.10).
Interpretation of CCA output and definition of environmental gradients
The quadrat-environment biplot produced by Canonical Correspondence Analysis of all 103
quadrats is presented in Figure 3.9. Membership of TW1NSPAN groups 1-10 is
superimposed. The eigenvalue for the first axis is 0809 and the second 0358, accounting for
39•7 per cent and 175 per cent of the total variance, respectively. The first two axes therefore
account for 572 per cent of the total variance in the species-environment data. The first
sample axis is most strongly correlated with pH (r = -0709), soil moisture (r 0626) and
organic matter (r = 0498) (Table 3.11). Table 3.11 indicates that, as at Kildonan, soil
moisture and organic matter are strongly positively correlated to each other (r = 0851). The
second ordination axis is primarily correlated with organic matter (r = 0693), soil moisture (r
= 0 . 567) and pH (r = O493) (Table 3.11).
Many sample points are 'hidden' on Figure 3.9. The majority of quadrats, representing
TW1NSPAN groups 1-4 and 8-10, are packed tightly together to the left of the ordination.
The overall separation of points on the first (horizontal) axis can be largely explained by
TW1NSPAN groups 5, 6 and 7. These three groups are clearly responsible for the high
correlations between ordination axis 1 and pH, soil moisture and organic matter (Table 3.11)
discussed above. In order to correct this distortion of the ordination, outlying quadrats were
removed by the same process of deletion described for Kildonan (Section 3.3.4.1).
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Figure 3.9 Joint biplot ol itcs and en ironmental ariahles produced b Canonical Correspondence
Analysis of all 103 quadrat taken during the Drimsdak vegetation suie. Jul) 1996. TWINSPAN groups
(1-10) are superimposed. Ligenvalues: Axis I = 0809. Axis 2 = 0358. Variance explained by the first two
axes 572°o. Where: Slope slope angle: Aspct aspect: pH = pH: °os.m. = 0 soil moisture: °oo.m. 00
organic matter: Condc conlucti it : l'hosp phosphorus: Potass - potassium: Sodm = sodium: Calcm =
Ca Ic i u ii . \ I a,n 	 ianc.. I urn.
lkktcd quadrats and their respective TWINSPAN groups are summarized in Table 3.12.
Occurring largely within the P/:rag,niles swamp. removal of quadrats 75. 76. 81. 82 and 83
resulted in the ordination illustrated in Figure 3.10. Subsequent removal of quadrats 74. 80.
79. 73. 71. 72. 66. 68 and 69 (Figure 3.11) due to their high soil moisture contents resulted in
the deletion of TWINSPAN groups 6 and 7. The final CANOCO analysis of the Drimsdale
data was nm with 84 quadrats and 85 species. The ordination of samples and environmental
variables lbr this analysis is presented in Figure 3.12. The cumulative variance across the
hirst two axes is 483% with axis I and axis 2 accounting for 299% and 184% of the
1 1lu-i
variation, respectively. As with the analysis of the complete data set, the first axis is highly
correlated with pH, soil moisture and organic matter (r = 0701, -0673 and -0567,
respectively) (Table 3.13). In this reduced data set, axis 2 is most strongly correlated with
conductivity (r = 0 .36 1), although organic matter is again significantly correlated with this
axis (r = -0300) (Table 3.13). The upper right section of Figure 3.12 is, therefore,
characterized by relatively dry neutral quadrats from Group 1, which have high conductivities
and low organic matter. Towards the bottom right of the diagram lie quadrats from Group 2,
which differ from those in Group 1 by their lower conductivities and higher soil magnesium
concentrations. Samples from Groups 5, 8, 9 and 10, which were taken from areas of damper
machair towards the rear of the system have lower pH, higher soil moisture and organic
matter contents and occur towards the left of Figure 3.12.
Table 3.12 Deleted Drimsdale quadrats and their
respective TWINSPAN groups.
Quadrat number	 TWINSPAN group
(in order of deletion)
82	 Group 7
76	 Group 7
75	 Group 7
83	 Group')
81	 Group 7
74	 Group 7
80	 Group 6
79	 Group 6
73	 Group 7
71	 GroupS
72	 Group 5
66	 Group 5
68	 Group 7
69	 Group 7
65	 Group 5
77	 Group 9
78	 Group 5
70	 Group 9
67	 Group 5
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Figure 3.10 Joint hiplot ot Sites and environmental ariables produced b> Canonical Correspondence
Aiialsis of all 103 quadrats taken during the Drimsdale egetation survey. July 1996. Quadrats 75. 76 and
81-83 removed from the anahsis. TWINSPAN groups (1-10) are superimposed. Eigenvalues: Axis 1
0777. Axis 2 0329. Variance explained by the first two axes = 565°o. Where: Slope = slope angle:
Aspct	 aspect: p11	 p11: °flL	 0 soil Illoisture: °oo.m.	 o organic matter: Condc 	 conductivity:
Phosp phosphorus: Potass potassium: MoUrn odiurn: (alcm calcium: Magm = magnesium
/n1cr/)rt1a1ioI1 (1/ /11 i.VS'I'.LV oiiijn,i
Group I (I ô samples)
As is typical fbr South t l ist (Dargie. 1997). embryo and foredunes have been subject to
severe erosion at 1)rimsdak and the seaward end of the machair s ystem is characterized by
an area of mobile dunes. This group consists of samples from a relatively narrow zone of
lov .1. urenaria hummocks occurring within the hand of' mobile dunes. High soil
conductivity
 (Table 3.14) suggests that this group is subject to inundation by salt spray and
this is confirmed by the positioning of Group I samples on Figure 3.12. As expected. soil
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Figure 3.11 Joint hiplot of sites and environmental variables produced by Canonical Correspondence
Analsis of all 103 quadrats taken during the Drimsdale egetation survey. July 1996. Quadrats 66. 68. 69.
71-76 and 79-83 removed from the anal y sis. TWINSPAN groups (1-10) are superimposed. Eigenvalues:
Axis I 0383. Axis 2 -- 0213. Variance explained by the first two axes = 504°o. Where: Slope = slope
angle: Aspct	 aspect: pH	 pH: °os.m.	 o soil moisture: °óo.m. = % organic matter: Condc =
conductivit>: Phosp	 phosphorus: Potass	 potassium: Sodm
	 sodium: Calcni	 calcium: Magm =
niaglicsitlnl
moisture and organic matter contents are low. Dominance by P. iwiceolata and T. repens,
coupled with high ficquencies of (.i. rc'rum. £ jacoha'a. F. ruhrcz. Cerastium fontanwn
Baumg. and bare sand. indicate that Group 1 is representative of the NVC SD6 Aminophila
arenaria mobile dune community (Dargie. 1993) and is floristically similar to Kildonan
(iroup 1. More specifically, the presence of P. pratensis at a frequency of 75% identifies
these quadrats as SD6e Fesiiica ruhra-SD6f Poa pralensis intermediates. A 75% cover
value lbr A. arenaria would also suggest that the vegetation is subject to a steady input of
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blown sand from the beach. Described by Crawford 1 988d) as existing as a narrow band
behind the Ibredune crest vegetation. Dargie (1993) identified 112ha of this vegetation
type from l)rimsdale.
Figure 3.12 Joint hiplot of sites and environmental variables produced by Canonical Correspondence
A!li of all 103 quadrats taken during the Drimsdale vegetation survey. July 1996. Quadrats 65-83
remoed froni the anal ysis. TWINSPAN groups (1-5 and 8-10) are superimposed. Eigenvalues: Axis I
0274. Axis 2 0 169. Variance explained by the first two axes = 483° o. Where: Slope slope angle:
Aspct - aspect: pt-1 pH: °os.m. = 0o soil moisture: °o.m. = 00 organic matter: Condc conductivity: Phosp
pho%phoru: l'otas potassium: Sodii sodium: Calcm calcium: Magm = magnesium
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Table 3.14 Mean and standard error of soil variables for samples within Drimsdale TWINSPAN groups
1-10.
	
TWINSPAN Conductivity pH
	
% O.M.	 % SM.	 Phosphorus	 Potassium	 Sodium	 Calcium	 Magnesium
	
group	 QiS/cm)	 (mg/kg soil) 	 (mg/kg soil)	 (mg/kg soil)	 (mg/kg soil)	 (mg/kg soil)
	
Group I	 173-93	 7-80	 7-67	 14-47	 50-67	 5-79	 2619	 14729-99	 24673
2359	 010	 490	 195	 630	 05)	 365	 367293	 2072
	
Group 2	 8111	 7-70	 7-89	 30-72	 31-85	 6-72	 26-41	 1417915	 276-59
73!	 006	 087	 276	 380	 046	 302	 282178	 809
	
Group 3	 144-29	 7-23	 12-28	 56-84	 38-84	 5-96	 46-00	 805801	 261-42
4/66	 0/1	 277	 133!	 1146	 049	 /377	 52682	 1478
	
Group4	 102-60	 7-48	 5-62	 2l-89	 4866	 679	 31-57	 6812-49	 20544
2569	 022	 165	 467	 928	 125	 781	 17)759	 539
	
GroupS	 127-33	 689	 40-20	 21212	 44-75	 1340	 3172	 1154166	 251-71
3433	 008	 1277	 4580	 109!	 226	 397	 316080	 2824
	
Group6	 12400	 7-16	 58-77	 89191	 222-22	 145-12	 11873	 25428-76	 786-28
2700	 012	 15/	 /4939	 Ill/I	 7256	 5937	 1271438	 393/4
	
Groupl	 8400	 686	 3679	 306-59	 5977	 7-85	 29-06	 15266-57	 172-32
2773	 /2!	 /117	 8583	 /08!	 163	 565	 337843	 3052
	
GroupS	 92-70	 7-18	 12-55	 56-30	 46-23	 6-65	 26-36	 10584-37	 194-34
/138	 008	 /49	 784	 8/6	 074	 377	 238973	 1172
	
Group9	 10218	 728	 1350	 76-67	 4710	 8-85	 34-13	 21040-94	 212-94
/46!	 006	 139	 1288	 8/7	 G89	 729	 559037	 1349
	
Group 10	 9500	 757	 395	 13-50	 25-72	 4-78	 34-14	 6443-40	 215-11
2200	 026	 128	 707	 1/7	 229	 1057	 220346	 6777
Group 2 (32 samples)
This group contains quadrats taken from a zone of fixed dunes parallel to the mobile dunes,
described as Group 1; from small fixed dunes present within the machair plain; and from
the fixed landward dunes. Increased soil moisture and organic matter relative to Group 1
(Table 3.14), suggest a greater degree of fixation and increased soil stability. This is
confirmed by the species composition. Bellis perennis and F. rubra attain 100% constancy
and E. officinalis agg., L. corniculatus, P. lanceolata and G. verum are also well
represented (Table 3.10). Vegetation in Group 2 is clearly representative of the SD8
Festuca rubra-Galium veruin fixed dune grassland community, recognized as Group 4 at
Kildonan, and is most directly comparable to an SD8d Ranunculus acris-Bellis perennis
sub-community. A widely recognized vegetation type, Crawford (1988d) recognizes SD8d
as the predominant machair vegetation type at Drimsdale.
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Group 3 (7 samples)
These quadrats were all taken from the flat machair plain at Drimsdale and their species
composition also corresponds to the SD8 fixed dune grassland described for Group 2,
although identifying a sub-community here is more problematic. Observations in the field
suggest that these quadrats form part of an old lazy-bed system and their increased soil
moisture and organic matter contents relative to Group 2 (Table 3.14) would appear to
confirm the hypothesis of past agricultural management. These high soil moisture and
organic matter values, coupled with high soil conductivity locate Group 3 in the upper left
quadrant of Figure 3.12. Dargie (1997) identified a total of 1633ha of this vegetation type
on the Loch Druidibeg SSSI, describing it as SD8F Festuca rubra-Galium verum fixed
dune grassland, fallow after arable tillage.
Group 4 (5 quadrats)
Further evidence of agricultural management is given by quadrats in Group 4 which were
taken from disturbed areas of the machair plain and back dunes. Classifying once again
within the NVC SD8d category, the vegetation within Group 4 differs from that of Group 2
by exhibiting an 100% constancy for both R. acris and B. perennis. These high constancies
suggest fairly intensive grazing within these areas (Dargie, 1993). Furthermore, the
occurrence of Hordeum sp. at 40% constancy (Table 3.10) indicates that arable cropping
has been a feature of these disturbed areas.
Group 5 (9 samples)
Machair loch edge and dune slack habitats are represented by Group 5. These communities
have high conductivities, soil moisture and organic matter contents and a correspondingly
low pH (Table 3.14). They are situated towards the upper left of Figure 3.12. Potentilla
anserina and R. minor are constants, while the presence of C. nigra, Lychnisfios-cuculi L.,
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C. palustris and Equisetumfiuviatile L. confirm the wet nature of this group. The marginal
nature of this community is indicated by the inclusion of Phragmites australis (Cay.) Trin.
Ex Steud. as an associated species. A consideration of data provided by Crawford (1 988d),
Dargie (1993; 1997) and Kent eta!. (1996) suggest that this group may be best described as
a MG 11 Festuca rubra-Agrostis stolon?fera-Potentilla anserina mesotrophic grassland and
as such it is directly comparable to Kildonan Group 8.
Group 6 (2 samples)
This group of quadrats represents a gradation from Group 5 into the centre of the Loch
Stilligarry Phragmites swamp and is dominated by a number of aquatic margin species
(Table 3.10). Due to its transitional nature, matching Group 6 vegetation to a prescribed
NVC community is difficult. This area is, therefore, probably best described as MGi 1
Festuca rubra-Agrostis stolonfera-Potentilla anserina mesotrophic grassland grading to
S4 Phragmites australis swamp. Soil moisture and organic matter are greatly increased
relative to previous groups (Table 3.14). Soil nutrient status is also improved: this group
shows the highest potassium, sodium, calcium, magnesium and phosphorus concentrations
of any in this survey (Table 3.14).
Group 7 (9 samples)
All quadrats in this group were taken sub-aqua from shallow water at the edge of the loch
and are representative of a S4 Phragmites australis swamp, Galium palustre sub-
community (Rodwell, 1995). Phragmites australis and Carex viridula ssp. oedocarpa
(Andersson) B. Schmid are dominant, although Cardamine pratensis L., E. pa!ustre, M
tr?foliata and standing water are also well-represented. The pH drops below 70, although
soil moisture and organic matter remain high (Table 3.14). Crawford (1988d, p.21) records
an expanse of Phragmites dominated vegetation at Drimsdale characterized by a:
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"well structured understorey of Epilobium palustre, Hydrocolyle vulgaris, Galium palustre,
Potentilla palustris, Mentha aquatica, Caitha palustris, Angelica sylvestris and Agrostis
stolonfera".
Group 8 (10 samples) and Group 9 (11 samples)
Groups 8 and 9 are both variants of the M05 Cynosurus cristatus-Centaurea nigra
meadow (Rodwell, 1992). Taken from the grassy verge which runs along the dirt track
from Drimsdale House (NF757376) north to the Stilligarry fence (NF758384), quadrats in
Group 8 are dominated by T repens and C. fontanum. Plantago lanceolata, R. acris, F.
rubra, H. lanatus, P. anserina and R. minor are also abundant. Centaurea nigra L. and
Cynosurus cristatus L., the two characterizing species, occ'i a4i €SYYo ani 5Vo constancy,
respectively. The presence of Hordeum sp. at 60% constancy is probably due to seed
having blown in from the areas of cultivated land which lie on either side of the track at
Drimsdale.
Samples in Group 9 represent quadrats taken from the traditionally managed wet hay
meadows which grade into marsh to the east of the track at Drimsdale. Increased soil
moisture relative to Group 8 (Table 3.14) is reflected by the presence of aquatic margin
species, such as Equiset urn arvense L. and C. prarensis (both at 27% constancy), as well as
more usual MG5 species including H. lanatus, Centaurea nigra, Anthoxanthurn odoratum
L. and Dactylis glornerara L.
Group 10 (2 samples)
The two samples comprising Group 10 exhibit the lowest soil moisture and organic matter
of all ten TWINSPAN groups identified in the Drimsdale survey (Table 3.14) indicating
poor soil development. Both quadrats were positioned within a newly-ploughed and
seeded arable field, hence the occurrence of bare sand and Hordeum sp. at 100% constancy,
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and the presence of agricultural weeds including Anchusa arvensis and M arvensis (Table
3.10). Dargie (1997) records such communities as Arable - Oats and Rye (AOR).
3.3.5 Discussion
Results from the South Uist surveys indicate that vegetation within the Kildonan and
Drimsdale machair systems is distributed along a primaxy gradient of soil organic matter
content, soil moisture content and soil pH. This gradient represents the major pedological
differences that exist between the dry dune and machair shell sand communities to the west,
and the wet acid marginal and loch edge habitats to the east. The results of these surveys are
in close agreement with previous findings from other machairs (e.g. Dickinson and Randall,
1979; Gilbertson et a!., 1995; Kent et a!., 1994; 1996) and calcareous sand dune systems
(Ranwell, 1972; Carter, 1988). Dickinson and Randall (1979) and Ritchie (1976) both
showed that whilst pH progressively decreases, soil moisture and organic matter steadily
increase from west to east in Hebridean machair systems. Conductivity is an important
secondary controlling factor in the Uist field sites and is a further reflection of the contrasting
soil characteristics of the seaward and landward communities.
Underlying the primary importance of organic matter, soil moisture and pH as controlling
environmental gradients, Canonical Correspondence Analysis identified a number of
intercorrelations among the investigated environmental variables. The water content of a
dune soil is closely dependent on its organic matter content (Ranwell, 1972) and at both sites,
prior to, and following, the removal of outlying samples, soil moisture and organic matter
showed highly significant positive correlations. This strong positive interrelationship
between soil moisture and organic matter is due to the fact that organic matter greatly
increases the matrix water storage capacity of a soil (Jeffrey, 1987).
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Negative relationships between organic matter and pH were recorded for both South Uist
field sites and concur with previously described patterns in dune soils (Salisbury, 1925;
Giliham, 1957; Ranwell, 1972). In her study of the coastal vegetation of lona and Mull,
Gillham (1957) attributed this tendency, for decreasing pH to parallel increasing organic
matter levels, to the highly alkaline nature of the machair sands. High pH promotes rapid
decay of litter, resulting in a very slow accumulation of organic matter (Salisbury, 1925;
Giliham, 1957). A negative relationship was also recorded between pH and conductivity at
both sites. Although this relationship may appear surprising at first glance, it is explained by
the nature of the pH and conductivity scales. On the pH scale, the greater the [H]
concentration of a sample, then the closer the pH value is to zero. In contrast, the higher the
conductivity of a sample then the greater the reading on the micro-Siemens scale and the
further from zero the value. This results in a negative relationship.
Patterns of soil conductivity and macro-nutrient availability across the Kildonan and
Drimsdale machair systems were broadly similar. Soil conductivities were highest for the
soils of the most seaward dunes and the loch edge habitats, with lower fluctuating
conductivities over the fixed dune and machair grassland communities. High soil
conductivities recorded for the seaward dunes are probably due to frequent inundation by sea
spray. Those recorded for the loch edge habitats can be attributed to a weak positive
relationship between soil conductivities and organic matter contents. Dickinson and Randall
(1979) described a similar relationship between the conductivity and humus content of
machair soils of the Monach Isles.
Soil macro-nutrient concentrations at both sites generally increased from the seaward to the
landward areas, reaching a peak of availability in the loch edge habitats (Groups 10/11 and
Group 6 at Kildonan and Drimsdale, respectively). Increased nutrient concentrations in these
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wetter areas are a reflection of the tendency of soil humus to act as a reservoir of nutrient
elements (Ranwell, 1972; Jeffrey, 1987). Accordingly, organic matter content was generally
positively correlated with phosphorus, potassium, sodium and magnesium levels at both sites.
Patterns of calcium availabilities across the Kildonan and Drimsdale systems are more
complex and may be attributed to the high calcium carbonate content of the Hebridean shell
sands.
Fluctuating conductivities and macro-nutrient availabilities over the machair grassland
communities may be related to changes in the water table along the dune system, but are
probably best ascribed to the fact that these areas are subject to continual perturbation by
external agencies and hence are characterized by discrete environmental gradients. Similar
fluctuations were recorded by Dickinson and Randall (1979) for potassium concentrations in
the soils of a Monach Isles machair plain. They attributed this to depletion by agricultural
management.
In terms of vegetation, TWINSPAN identified 14 plant community and sub-community types
from Kildonan. Subsequent re-analysis of the dune and thy machair data set identified a
further six communities, four of which occurred on agriculturally-disturbed land. Ten
vegetation types were recorded from Drimsdale machair. Species composition of the
vegetation groups generally agreed with existing accounts of machair vegetation (e.g. Dargie,
1993; Kent eta!., 1994; 1996).
Although there was some 'mosaicing' of plant communities at Kildonan and Drimsdale, with
different communities intermixed with one another to a degree, each major vegetation type
identified by TWINSPAN generally existed as a distinct band parallel to the sea. Figures
3.13 and 3.14 illustrate the spatial distribution of the major plant communities identified at
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iiiaucr. conductivit and p11).
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Kildonan and Drimsdale, respectively, and their relationships to the controlling
environmental gradients, namely soil p1-I, soil organic matter content, soil moisture content
and conductivity.
The zonation of plant communities from west to east, and their positioning along the primary
environmental gradients, is comparable to that of other Scottish machairs and dune systems
(e.g. Gimingham et a!., 1948; Vose et al., 1956; Gimingham, 1964; Dickinson et al., 1971;
Dickinson, 1974; Dickinson and Randall, 1979). Species diversity was lowest in the
seaward-most dunes, where the exacting environmental conditions (poor soil development
and stability, high pH) restrict the flora to a small number of specialized species (Gimingham,
1964). Increasing stability and ameliorated soil conditions towards the landward parts of the
system results in a much richer species composition (Gimingham, 1964). This latter fact is
reflected by the diverse wet machair and loch edge habitats which terminate the machair
systems at Kildonan and Drimsdale.
Dune communities at Kildonan and Drimsdale were highly comparable, both in terms of their
environmental and floristic characteristics. Due to severe erosion (Dargie, 1997), embryo
dunes are notably absent at both sites and no foredune vegetation was recorded from
Drimsdale. The zone of mobile dunes is narrow and is dominated by SD6 Ammophila
arenaria vegetation at both sites. However, whereas at Kildonan, mobile dunes graded into
SD7 semi-fixed vegetation (Group 3), the seaward dunes at Drimsdale were notable for the
absence of an equivalent semi-fixed grassland vegetation. Dargie (1993; 1997) also recorded
a direct gradation from mobile to fixed (SD8) dune vegetation at Drimsdale.
The SD8 Festuca rubra-Galium verum fixed dune grassland community was recorded as the
most extensive vegetation type on sampled dunes in the NVC 'Sand Dune Survey of
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Scotland' (Chapter 2). From the seaward fixed dunes, through the machair plains proper, to
the dunes which characterize the landward ends of the systems, Kildonan and Drimsdale
machairs were dominated by expanses of this SD8 vegetation and its variants. Within this
expanse of vegetation at Kildonan, the identification of areas of true species-rich machair
grassland as defined by Dargie (1993), was limited to eight quadrats. This must be due to
anthropogenic interferences, which exert a great influence on the machair vegetation.
Vegetation types resulting from agricultural disturbance of the machair were described from
both sites (Groups 5, 6 and 7, sub-groups C, D, E and F from Kildonan; Groups 3 and 4 from
Drimsdale). These vegetation types confirm the importance of anthropogenic factors in
modifying the machair environment and offer an insight into the capacity of the machair for
recovery following human disturbance. Excepting investigations into the weed communities
of ploughed machair (Crawford, 1990), the species assemblages of cultivated machair are
poorly described. There is an obvious need for further, more detailed, description of the
vegetation of these areas.
With regard to the vegetation toward the landward end of both systems, the wetter areas,
including loch margin transition habitats, were confirmed as an integral part of the machair
habitat as a whole. Previous Iesti%atio'xs e.g. Ktrit et nL,	 \%) 'nae thso
highlighted the role of loch margin communities in increasing machair habitat diversity.
Dargie (1997) has also asserted that although South Uist dry dune communities are
extensive, greater conservation interest should be directed at the dune wetland vegetation
which probably heightens the conservation importance of South Uist machairs as a whole.
Inter-site variations in vegetation type are partly a reflection of anthropogenic influences. The
identification of NVC MG5 Cynosurus cristatus-Centaurea nigra vegetation at Drimsdale
(Group 9), for instance, is due to the management of the wetter areas behind the landward
dunes as hay meadows. Comparable management practices were not as obvious at Kildonan.
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Loch edge areas are clearly an important part of South Uist machair plant communities, and
their species assemblages and environmental gradients merit further research.
3.4 SUMMARY
Both Kildonan and Drimsdale approximate to the classical zonation of vegetation types
described by Dickinson et al. (1971), and in this respect are representative of South Uist
machairs. This distribution of plant communities is primarily controlled by the interaction
of soil pH, organic matter content and soil moisture content.
The botanical, and associated environmental, characteristics of these vegetation types
agree well with previous research at Kildonan (Gilbertson et a!., 1995; Kent et a!., 1996)
and Drimsdale (Crawford, 1988d; Dargie, 1997), although comparisons with NVC
descriptions (Dargie, 1993) are most meaningful for dune and loch edge communities.
The prevalence of agriculturally influenced vegetation, in combination with the diversity
of machair vegetation types across both sites, identifies Kildonan and Drimsdale machairs
as particularly suitable areas on which to focus more detailed ecological and physiological
investigations into the effects of environmental and anthropogenic impacts on Uist
machair conmiunities.
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CHAPTER 4
THE EFFECTS OF AGRiCULTURAL MANAGEMENT ON
MACHAIR VEGETATION
4.1 INTRODUCTION
As described in Chapter 2, agriculture on South Uist and in the Outer Hebrides in general,
follows the long-established methods of crofting management. Crofters hold a traditional
right to cultivate the machair and agriculture is the most widespread form of land use on
the machairs of the Hebrides (Mather and Ritchie, 1977). The croftiands of the Uists are
concentrated on the exposed and low-lying coastal machairs (Mather and Ritchie, 1977;
Grant, 1979), which are cultivated to support a limited amount of both arable and winter
grazing. Avena strigosa, Secale cereale and an indigenous form of bere (Hordeum sp.) are
the main cereal crops, and are used as winter feed for livestock. In addition, small lazy-
beds are devoted to the production of potatoes for domestic consumption. Traditional
machair cropping operates on a rotational system, so that in any one machair large areas are
left fallow. Strips of arable and fallow land of different ages are a characteristic feature of
the machairs of South Uist and are an important element in the mosaic of machair habitats.
Preparation of the machair land for cropping follows established historic methods and the
type of seedbed favoured for the growth of cereals has not changed for centuries, since
horse ploughing was employed to prepare the land for seeding (Grant, 1979). In
accordance with these traditional methods, modern systems and machinery are highly
unsuitable, and most ploughing is accomplished through the use of" old trailed, narrow
set, tractor ploughs" (Grant, 1979, p.531). The shallow ploughing characteristic of the
Uists results in a series of narrow furrows that are held together by turf. To minimize the
risk of erosion, ploughing does not typically begin until late March at the earliest (Knox,
1974). Cereal seeds are then sown into the furrow tracks and covered by harrowing.
It is generally considered (e.g. Mather and Ritchie, 1977; Randall, 1983; D.A.F.S., 1989;
Angus, 1996) that the botanical and aesthetic value of the Hebridean machairs is
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attributable to the operation of traditional crofting practices. Colourful successional plant
communities occur during the fallow periods, and these may also be characterized by a
diverse invertebrate fauna (Randall, 1983). Traditional crofting management is closely
adapted to the machair environment and has been a major factor in the development of the
ecosystem (D.A.F.S., 1989). Ranwell (1980b) indicated the need for further detailed study
of the influences of traditional cultivation on the development of machair soil and
vegetation systems. Although the effects of differing grazing regimes and practices on
machair vegetation are relatively well documented (e.g. Randall, 1980; Chapter 2), the
effects of arable cultivation are less well-known. In an attempt to establish the pattern of
arable weed succession in fallow fields, Crawford (1990) chronicled the relationship
between arabic weed communities and the various methods of crop management in
operation on the Outer Hebrides. However, there remains a dearth of information with
regard to the ecology and dynamics of the plant communities of cultivated machair.
4.2 AIMS
This chapter aims to describe the plant associations of cultivated machair	 c+
phytosociological survey of both ploughed and lazy-bedded land at Drimsdale and
Kildonan. Furthermore, this research provides the opportunity to compare the ecooj axci
community dynamics of cultivated and non-cultivated machair. Additional aims of this
chapter, therefore, are to define and describe the micro-communities of ploughed and
unpioughed land and to chronicle the vegetation processes operating within both new'y-
ploughed and unpioughed machair vegetation.
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4.3 METHODS
4.3.1 Description of agricultural plant communities at Drimsdale and Kildonan
4.3.1.1 Cereal land at Drimsdale
A survey of the plant communities of agriculturally-disturbed machair was undertaken at
Drimsdale during July 1996. Use of aerial photographs and consultation with crofters
responsible for the land enabled an approximate chronology of the cereal field systems at
Drimsdale to be drawn up. Quadrats were positioned within four distinct vegetation types:
i) newly-ploughed and seeded dry machair,
ii) previously-ploughed dry machair, fallow for one year,
iii) previously-ploughed dry machair, fallow for two years,
iv) wet machair previously managed for cereal-cropping, but judged fallow for c.two years.
Newly-ploughed and seeded dry machair (Plate 4.la) was the most abundant vegetation
type and a total of 48 Im x Im quadrats were described for this type. A total of 24
quadrats were recorded for each of the remaining three areas. Description of the vegetation
within each of the 120 quadrats followed the protocol set out in Chapter 3 (Section
3.3.3.2).
4.3.1.2 Kildonan potato patches
The plant macro-communities of lazy-bedded machair were previously defined and
described from a potato patch chronosequence situated on the dry machair plain at
Kildonan (Chapter 3, TW1NSPAN groups C-F). During July 1996, therefore, the micro-
associations of lazy-bedded machair were examined within the same 5-part potato patch
chronosequence at Kildonan (Plate 4.lb). Quadrats were recorded from all five stages of
the chronosequence representing newly-ploughed and planted, one-year fallow, two-year
fallow, three-year fallow and greater than four-year fallow potato patches. Each quadrat
consisted of a 50cm x 50cm section of wire garden mesh, sub-divided into a grid of four
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Plate 4.Ia (upper plate) Dry machair, newly-ploughed and seeded for cereal cultivation.
Plate 4.1 b (lower plate) Newly-ploughed and planted (N.P.), one-year fallow (Fl) and two-year
fallow (F2) patches in the five-part potato patch chronosequence at Kildonan.
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hundred 25cm x 25cm squares. Due to the fact that the total area of potato patches
available for survey was much smaller than the total area of cereal land, ten quadrats, only,
were randomly located within each potato patch. In order to assess the micro-associations
of species at each quadrat location, five of the four-hundred squares comprising each
quadrat were randomly selected for sub-sampling, using a table of random numbers as co-
ordinates. Each 25cm x
 25cm square, therefore, represented a 'micro-quadrat'. For
consistency, the southernmost side of the mesh section was always designated as the x-
axis. The species present within each of the five micro-quadrats were noted and their
abundances recorded on a scale of 1-4, where:
1 = 1 or 2 individuals of a species,
2 = 1 or 2 individuals to a quarter of a square,
3 = one quarter to one half of a square,
4 one half to one full square.
4.3.1.3 Analysis of vegetation data
Definition and classification of agricultural plant community types at Drimsdale and
Kildonan was achieved using TWThISPAN (Chapter 3). Default cut levels for defining
pseudospecies were applied to the Drimsdale cereal land quadrat data. Cut levels for
defining pseudospecies during TWINSPAN analysis of the Kildonan potato patch micro-
community data were designated as 0, 1, 2, 3 and 4. Since no environmental data were
collected during the survey, Detrended Correspondence Analysis (DCA) (Hill, 1979a; Hill
and Gauch, 1980) was considered to be the most suitable ordination method (Kent and
Coker, 1992). However, Podani (1997) and Oksanen and Minchin (1997) have indicated
that the DECORANA program for computer (Hill, 1 979a) is sensitive to the input-order of
the data. Ordination of the floristic data was, therefore, accomplished using the updated
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debugged DECORANA program (Minchin, 1997).
4.3.2 Comparisons of ploughed and unpioughed machair
4.3.2.1 Vegetation processes in newly-ploughed machair
Collection and maintenance ofplant material
Turves of newly-ploughed machair, each approximately 35cm x 15cm x 10cm in size,
were collected from a single area of cereal land at Drimsdale (Chapter 3, TWINSPAN
Group 10) in late April 1997. Collection of the turves occurred approximately 10 days
after ploughing. On return to Plymouth, the turves were transferred to a bed of fresh
machair sand in individual shallow plastic trays. Three turves, designated Ti, 12 and T3,
were transplanted to the trays in the inverted position in which they had been found in the
field; with a layer of dead and senescing vegetation on their undersides, and bare sand on
their uppermost surfaces. The remaining three turves, T4, T5 and T6, were transferred to
the trays in an 'original' position, so that the original layer of vegetation was exposed on
the uppermost surface of the turf and the bare sand of the ploughed surface lay on the bed
of dune sand. The trays were positioned alongside a polyethene tunnel for the duration of
the investigation. Each turf was watered daily from above with a fine rose to prevent
excess disturbance.
Measurement of species composition
The species composition of each turf was recorded by means of a 20cm x
 10cm section of
wire garden mesh, centrally-situated and secured in place by wooden stakes. Using a grid
of these dimensions ensured that the majority of the turf surface was sampled whilst
excluding the uneven edges of vegetation at the extremities. Each mesh section consisted
of a grid of fifty 2cm x 2cm squares. The local rooted frequency of each species on each
turf was determined by recording its presence or absence in each of the fifty squares.
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Presence/absence data were then converted to give a percentage score for each species
(Kent and Coker, 1992).
Species composition was recorded at fortnightly intervals from mid-May 1997 for a total of
20 weeks. The investigation was terminated in the first week of October 1997.
4.3.2.2 Plant micro-communities of ploughed and unpioughed machair, and 4.3.2.3
Vegetation processes in unploughed machair
A permanent field experiment was set up in three different areas of vegetation at Drimsdale
during September 1995 to achieve two distinct aims. Firstly, to describe the plant micro-
communities of both previously-ploughed and unploughed machair. Secondly, to examine
the species turnover and vegetation processes characterizing previously-cultivated and
intact, uncultivated machair vegetation over a two-year period. Two of the three areas, F
and 2F, had previously been subject to ploughing activity, but were judged to have been
fallow for two to three years. The third area of vegetation had not been ploughed in recent
years and was, therefore, designated as 'unpioughed' (UP). All three areas of vegetation
were situated within the large expanse of gently-sloping cultivated SD8 grassland which
characterizes the rear of the landward dunes at Drimsdale. The vegetation of the three
selected areas was, therefore, assumed to have been floristically uniform prior to
cultivation activity. Within each of the three areas of vegetation, seven randomly-
positioned permanent quadrats were established. Quadrats were secured in place at two
diagonal corner squares by means of metre lengths of white plastic pipe, hammered into the
ground so that no more than 8cm protruded above the surface of the vegetation. The
lengths of pipe were particularly suitable for use as permanent field markers as:
1) they were plastic and hence relatively weather-resistant,
ii) their white colour made them easily visible from some distance,
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iii) only c. 8cm protruded above ground level, making damage by sheep and cattle unlikely.
Quadrat size, sub-sampling and abundance scales were as described in Section 4.3.1.2, with
the exception that species composition was recorded for thirty of the four-hundred squares
comprising each quadrat. The species composition of a total of 210 micro-quadrats was,
therefore, recorded for each of the three areas of vegetation. Once the species composition
of the thirty selected squares at each permanent quadrat had been recorded, the section of
wire mesh was removed, leaving the two corner lengths of white pipe as markers for future
reference. Quadrat positions were also recorded on a sketch map of the site.
Despite assurances to the contrary from the crofter, unfortunately all fourteen permanent
quadrats within the F and 2F areas were lost to the plough sometime during the spring of
1996. The seven unpioughed sites (UP) remained intact and the species composition of the
same 210 squares surveyed in September 1995, were re-examined during July 1996.
However, only six of the original seven permanent unploughed quadrats could be located
for re-surveying during July 1997.
Analysis of vegetation data
Definition and classification of micro-communities, and ordination of the data were
achieved through use of TWINSPAN and DECORANA (Section 4.3.1.3). In each case,
cut levels for defining pseudospecies during TWINSPAN were designated as 0, 1, 2, 3 and
4. Comparisons of the micro-communities of previously-ploughed (F and 2F) and
unpioughed (UP) machair were accomplished through the analysis of the complete 1995
data set.
It was not possible to describe vegetation processes in the previously-ploughed (F and 2F)
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areas on the basis of a single year's data. However, temporal changes in species
composition at the micro-community level over time in uncultivated machair were
examined by analyzing all data collected from the unpioughed areas (UP) during 1995,
1996 and 1997. Having run the analysis and assigned each quadrat to a TWINSPAN
group, trends in micro-community change were further examined through the use of
stacked bar graphs. Firstly, the frequency of quadrats showing each TWINSPAN
association type during each year of survey was plotted to illustrate overall change in the
relative frequencies of TWINSPAN groups during the period 1995-1997. Secondly, the
micro-dynamics of each TWINSPAN association type recorded during 1995 were
examined by plotting their subsequent TW1NSPAN association type in 1996. This
illustrated the frequency of micro-quadrats changing to other TWINSPAN groups and the
frequency of micro-quadrats remaining within the same association type. To determine
whether shifts in the unploughed vegetation followed a predictable pattern, the procedure
was repeated to show movement of TW1NSPAN association types from 1996 to 1997.
4.4 RESULTS
4.4.1 Description of agricultural plant communities at Drimsdale and Kildonan
4.4.1.1 Cereal land at Drimsdale
A total of 81 species were found in the 120 quadrats recorded during the survey of
agricultural land at Drimsdale. TWINSPAN identified five plant communities (Table 4.1).
Interpretation of DCA output
The quadrat ordination plot derived from DCA for the complete Drimsdale agricultural
vegetation data set is presented in Figure 4.1. The TW1NSPAN group membership
(Groups 1-5) of each quadrat is superimposed. Analysis of all 120 quadrats taken from
agricultural land at Drimsdale resulted in a vertical clustering of sample points at the
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extreme left of the ordination diagram (Figure 4.1). This distortion of the ordination was
due to the presence of an aberrant quadrat occupying an extreme position on axis 1 and
situated at the far right-hand side of the ordination. An examination of the data indicated
that this sample was the only quadrat in the survey characterized by the presence of
Matricaria discoidea DC. The removal of the sample, followed by re-analysis of the data
set resulted in the quadrat ordination plot presented in Figure 4.2. Ordination axes for
which the eigenvalue is considerably less than the greatest eigenvalue are unlikely to be of
much ecological significance (Hill, 1 979a). The eigenvalue for the first axis of the
ordination is O562. The eigenvalues of ordination axes 2, 3 and 4 are O2O7, 0i44 and
0112, respectively, indicating that ordination axis 1 is the most ecologically meaningful.
Interpretation of TWINSPAN output
Group 1 (49 samples)
Quadrats in Group 1 are characterized by the dominance of bare sand and Hordeum sp.,
and were taken from areas of newly-ploughed and seeded dry machair situated on the
landward dunes. The arable nature of these quadrats is reflected by the presence of
agricultural weeds such as Anchusa arvensis, Papaver rhoeas L., Sinapis arvensis,
Myosotis arvensis and Viola arvensis (Table 4.1) (Plate 4.1 a). They are situated to the
extreme left of Figure 4.2 where the close nature of their distribution indicates that Group 1
is a clearly defined floristic group.
Group 2 (23 samples)
Samples in Group 2 represent quadrats taken from land recently cultivated for cereal
production, but fallow for one year. Bare sand is still a dominant characteristic of these
quadrats and the previous year's crop species (Hordeum sp.) achieves an 87% constancy by
group. Although several ruderal species, including P. rhoeas, A. arvensis and Stellaria
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media achieve moderate frequencies (Table 4.1), vegetation cover and species numbers are
increased relative to Group 1. Hence, Group 2 is situated to the right of Group 1 on the
quadrat ordination (Figure 4.2).
Group 3 (19 samples)
Characterized by a constant cover of Festuca rubra, Senecio jacobaea and Bellis perennis,
in association with high frequencies of Prunella vulgaris, Trfolium repens, Achillea
millefolium and Ranunculus repens, quadrats comprising Group 3 are representative of
previously-cultivated cereal land, fallow for two years. Figure 4.2 shows this group of
quadrats to be roughly transitional between Groups 2 and 4.
Group 4 (16 samples) and Group 5 (13 sampks
Samples in Groups 4 and 5 represent quadrats taken from a previously cultivated area of
the mesotrophic grassland (Chapter 3, TWINSPAN Group 5/6) lying to the east of the
machair track at Drimsdale. Quadrats in Group 4 were taken from a field system extending
from the machair track to the margin of Loch Stilligarry and are dominated by F. rubra, B.
perennis, T. repens, Rhinanihus minor and Vicia cracca L. Cerastium fontanum, Holcus
lanai us and Ranunculus acris are also abundant (Table 4.1). The presence of bare sand and
Hordeum sp. at 94% constancy is indicative of past agricultural management and Group 4
appears to be closely related to the NVC MG11F inundation grassland, fallow after arable
tillage (Dargie, 1997). The wet nature of this community is reflected by the presence of
species including Carex flacca, Daclylorhiza fuchsii, Juncus bufonius L. and Equisetum
fluvialile. The bulk of Group 4 quadrats form a relatively tight-knit group of points at the
extreme right of the ordination diagram (Figure 4.2).
Samples in Group 5 were taken from a field system which does not extend as far eastwards
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from the machair track as the field described for Group 4. Accordingly, Group 5 is not
characterized by the same array of aquatic margin species and its vegetation is dominated
by a constant cover of T. repens and B. perennis. High frequencies for bare sand and
Horde urn sp. again confirm past cultivation. The position of quadrats on the ordination
diagram (Figure 4.2) suggest that Group 5 has a number of species in common with Group
3. This observation is confirmed by an inspection of Table 4.1.
4.4.1.2 Potato patches at Kildonan
Thirty-seven species were recorded from a total of 250 micro-quadrats taken from the five-
year potato patch chronosequence at Kildonan, during July 1996. TWINSPAN identified
seven plant micro-communities (Table 4.2).
Table 4.2 Summary of plant micro-community groups produced by TWINSPAN analysis of all 250
micro-quadrats taken from the five-year potato patch chronosequence at Kildonan, July 1996.
Group	 Number	 Characterizing species	 % constancy	 Associated species (>25 % and <50%
of	 by group	 constant by group)
quadrats	 (^50% constant)
1	 51	 Baresand	 100
2	 16	 Baresand	 100
Ranuncu/us repens	 88
Viola tricolor	 56
Ste//aria media	 50
Erothum cicutarium	 50
3	 17	 Bare sand	 100	 Ste//aria media
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Fhe quadrat ordination diagram produced as a result of DCA is presented in Figure 4.3.
Fhe TWINSPAN group membership ((iroups 1-7) of each quadrat is superimposed. The
corresponding species ordination diagram derived from DCA is presented in Figure 4.4.
l :or clarity, only those species occurring in the seven TWINSPAN groups are plotted on the
ordination.
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This group of quadrats. dominated by bare sand, were taken from the newlv-ploughed and
planted potato patch (Plate 4.lh). TWINSPAN analysis did not identify any consistently-
occurring colonizing species in association with the bare sand surface and the majority of
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quadrats were characterized by a 100% cover of sand and nothing else (Table 4.2). The
homogeneous nature of this group of quadrats results in their distribution as a tight group
to the left of the quadrat ordination diagram (Figure 4.3).
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Figure 4.4 Species ordination diagram derived from Detrended Correspondence Analysis of all 250
nicro-quadrats taken from the five-year potato patch chronosequence at Kildonan, July 1996. SD =
inits of average standard deviations of species turnover. Eigenvalues: Axis 1 = 0593, Axis 2 =
)330.
Group 2 (16 samples), Group 3 (17 samples) and Group 4 (13 samples)
These groups represent three different species micro-associations from the one-year fallow
potato patch (Plate 4.1 b). Although bare sand dominates all three groups, they are
distinguished from one another by different co-characterizing and associated species (Table
4.2).
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Ranunculus repens achieves a high constancy in Group 2 (Table 4.2). Moderate
constancies of Viola tricolor, S. media and Erodium cicutarium are also characteristic of
the quadrats in Group 2 and this fact is reflected by the spread of points to the extreme left
of the quadrat ordination (Figures 4.3, 4.4). Stellaria media and E. cicutarium are also
present in Group 3. However, Group 3 is distinguished from Groups 2 and 4 by the
occurrence of Agrostis stolonfera at 35% constancy. Although characterized by a similar
constancy of V. tricolor as Group 2, quadrats in Group 4 are distinguished by the presence
of Plantago lanceolata and F. rubra as associated species (Table 4.2).
Group 5 (56 samples)
Two-year fallow potato patch vegetation (Plate 4.lb) is represented by TWINSPAN Group
5. Although bare sand remains the dominant feature of these quadrats, the V. tricolor, S.
media and E. cicutarium which characterized previous groups have been replaced by
increasing frequencies of A. stolonfera and F. rubra. The presence of S. jacobaea as an
associated species at 29% constancy (Table 4.2) results in the distribution of Group 5 to the
immediate right of Group 3 (Figures 4.3, 4.4).
Group 6 (59 samples)
The frequency of bare sand in this group of quadrats is reduced to 95% and the greater
vegetation cover relative to previous groups is indicated by an increased frequency of F.
rubra (Table 4.2). Bellis perennis is also an important diagnostic species (80% constancy)
(Table 4.2) of the quadrats representing the three-year fallow potato patch. Although A.
stolonfera shows a decrease in total cover relative to Group 5, it remains present, as an
associated species with T. repens, at 46% constancy (Table 4.2). Group 6 is distributed as
a relatively widespread set of points to the right of Group 5 on the quadrat ordination plot
(Figure 4.3).
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Group 7 (38 samples)
Group 7 represents the micro-community associated with the potato patch fallow for four
years or more. The increasing species diversity of Group 7, relative to previous groups, is
reflected by its occurrence as a very widespread set of points to the extreme right of the
quadrat ordination plot (Figure 4.3). Bare sand is reduced relative to Group 6 and quadrats
in Group 7 are characterized by a constant cover ofF. rubra. Occurring at 63% constancy,
Homalothecium lutescens is the second diagnostic species in Group 7. Associates of
Group 7, including Rhytidiadeiphus squarrosus, P. lanceolata, litter and Poa humilis, are
all situated to the extreme right-hand side of the species ordination (Figure 4.4).
4.4.2 Comparisons of ploughed and unploughed machair
4.4.2.1 Vegetation processes in newly-ploughed machair
The turves transplanted to the trays in the 'original' position showed the greatest species
diversity over the duration of the investigation with 27, 24 and 20 species recorded on
turves T4, T5 and T6, respectively (Table 4.3). Seventeen plant species were common to
turves T4, T5 and T6 (Table 4.3).
Of the three turves transplanted to the trays in an 'inverted' position, Ti was the most
species rich: fifteen plant species were recorded over the 20 week experimental period.
Turves T2 and T3 were re-colonized by ii and 10 species, respectively (Table 4.3).
However, only seven species were common to turves Ti, T2 and T3 (Table 4.3). Five
species occurred on all six turves: B. perennis, F. rubra, A. stolonfera, Lotus corniculatus
and R. repens (Table 4.3). Arenaria serpyllfolia L., R. acris, P. lanceolata, Lophocolea
bidentata and Cardamine pratensis were the least common species and did not occur on
more than one turf (Table 4.3).
139
Table 4.3 Plant species recorded from experimental ploughed turves TI,
T2, 13, 14, 15 and 16 over the course of the twenty-week investigation.
Where: + = species present on turf; - = species absent from turf.
Species	 Turf
Ti	 12 13 T4 T5 T6
Be//is perennis	 +	 +	 +	 +	 +	 +
Festuca rubra	 +	 +	 +	 +	 +	 +
Agrostis stolonfera
	
+	 ^	 +	 +	 +	 +
Lotus corniculatus	 +	 +	 +	 +	 +	 +
Ranunculus repens	 +	 +	 +	 +	 +	 +
Ste/lana media	 +	 +	 +	 +	 -	 +
Geranium molle
	
+	 +	 -	 +	 +	 +
Trfolium repens	 +	 +	 -	 +	 +	 +
Poapratensis	 +	 +	 -	 +	 +	 +
Cerastiumfontanum	 +	 -	 +	 +	 +	 +
Myosotis arvensis	 +	 +	 +	 -	 +	 -
Tortula ruralformis 	 +	 -	 -	 +	 ^	 +
Holcuslanatus	 +	 -	 -	 +	 +	 +
Prune/la vulganis	 +	 -	 -	 +	 +	 +
Rhytidiadeiphus squarrosus 	 -	 -	 +	 +	 +	 +
Viola tricolor	 +	 -	 -	 +	 +	 -
Potentilla anserina	 -	 -	 -	 +	 +	 +
Plagiomnium rostralum	 -	 -	 -	 +	 +	 +
Homalothecium lutescens 	 -	 -	 -	 +	 +	 +
Seneciojacobaea	 -	 -	 -	 +	 +	 +
Linum catharticum	 -	 -	 -	 +	 +	 -
Erodium cicutarium	 -	 -	 -	 +	 +	 -
Veronica arvensis	 -	 -	 -	 +	 +	 -
Cirsium arvense	 -	 -	 -	 +	 +	 -
Byumsp.	 -	 -	 -	 +	 +	 -
Achillea millefolium	 -	 -	 -	 +	 +	 -
Galium verum	 -	 -	 -	 +	 -	 +
Arenaria serpyl4folia	 -	 +	 -	 -	 -	 -
Ranunculus acris	 -	 -	 +	 -	 -	 -
Plantago lanceolata	 -	 -	 -	 +	 -	 -
Lophocolea bidentata	 -	 -	 -	 +	 -	 -
Cardamine prwensis	 -	 -	 -	 -	 -	 +
Totalnumberofspecies	 15	 11	 10	 27	 24	 20
A comprehensive account of the behaviour of every species present on each of the six
turves would be lengthy and confusing, and would compound an understanding of the
overall recovery of machair after ploughing management. Therefore, only the most
commonly-occurring species or those with recovery patterns of particular note are
described.
Figures 4.5a and 4.6a clearly illustrate a decrease in the amount of bare sand present on
each turf over the twenty week period of the investigation. Poa pratensis characteristically
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increased prior to showing a decrease in total frequency (Figures 4.5j and 4.6m). Each turf
was also characterized by a steady increase in cover of F. rubra as the investigation
progressed (Figures 4.5c and 4.6c). Similar trends in each of the six turves were witnessed
for B. perennis (Figures 4.5b and 4.6b), L. corniculatus (Figures 4.5d and 4.6e), A.
stolonfera (Figures 4.5e and 4.6f) and R. repens (Figures 4.5f and 4.6k).
Similar increases in cover over the twenty week period were recorded for T repens (Figure
4.6h) and Potentilla anserina on turves T4, T5 and T6 (Figure 4.6i), and for S. media on
turves Ti, T2 and T3 (Figure 4.5h). Frequencies of bryophyte species on turves T4, T5 and
T6, notably R. squarrosus (Figure 4.6d), H. lutescens (Figure 4.6g), Plagiomnium
rostratum (Schrad.) Kop. (Figure 4.6j) and Tortula ruralformis (Figure 4.61), were not
dramatically increased or decreased but remained relatively constant throughout the course
of the investigation. In contrast, bryophytes did not colonize the 'inverted' turves until late
in the investigation: T. ruralformis appeared on TI at time 6 (Figure 4.5n), whereas R.
squarrosus appeared on T3 at time 8 (Figure 4.5p). A number of species characteristically
colonized the turves in the latter stages of the investigation. These included M arvensis on
Ti, T2, T3 (Figure 4.5g) and T5 (Figure 4.6p); Geranium molle L. on Ti and T2 (Figure
4.5i); T. repens on Ti and 12 (Figure 4.5k); C. fontanum on Ti and T3 (Figure 4.51); V.
tricolor on Ti (Figure 4.5m), T5 and T6 (Figure 4.6n); A. serpyllfolia on 12 (Figure 4.5o);
E. cicularium on T4 and T5 (Figure 4.6o) and C. pratensis on T6 (Figure 4.6q).
4.4.2.2 Plant micro-communities
Thirty-four species were identified in a total of 636 micro-quadrats taken from previously-
ploughed and unploughed land at Drimsdale. TWINSPAN analysis of the data identified
six micro-communities (Table 4.4).
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Key to Figure 4.5
a	 Bare sand
b	 Bellis perennis
c	 Festuca rubra
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Figure 4.5 Recovery of various machair species following ploughmg on experimental turves Ti, T2 and T3, as
illustrated by changes in percentage frequency over a period of twenty weeks. Species key shown opposite.
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Key to Figure 4.6
a	 Bare sand
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Figure 4.6 Recovery of various machair species following ploughing on experimental turves T4, T5 and T6, as
illustrated by changes in percentage frequency over a period of twenty weeks. Species key shown opposite.
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1	 173
2	 240
Festuca rubra
Barbula sp.
Hornalothectum lutescens
BeFits perenn:s
Homaloihecium lulescens
Barbula sp
3 83
67
67
67
50
50
6	 Hornaloihectum luiescens
Bryurn caesp:i,cium
Festuca rubra
Litter
Prunella vulgaris
Achillea miliefolium
Geranium moile
Ranunculus acris
Trifolium repens
4	 102
	
Litter
Festuca rubra
Trifolium repens
5	 _79
	
Festuca rubra
Lotus corniculatus
Toriula rurai,form:s
Litter
Interpretation of DCA output
The quadrat ordination plot derived from DCA of all 636 micro-quadrats taken at
Drimsdale during September 1995 is presented in Figure 4.7. The TWINSPAN group
membership (Groups 1-6) of each quadrat is superimposed. The species ordination plot
derived from DCA is presented in Figure 4.8. For clarity, only those species occurring in
the six prescribed TWINSPAN groups are plotted on the ordination.
Table 4.4 Summary of plant micro-community groups produced by TWINSPAN analysis of all 636
micro-quadrats taken from previously-ploughed and unpioughed land at Drimsdale, September 1995.
Group	 Number	 Characterizing species 	 % constancy	 Associated species (>25 % and
of	 by group	 <50% constant by group)
quadrat.s	 (^50% constant)
89	 Poapralensis
80	 Bare sand
73	 Trifolium repens
Geranium mo/Fe
69	 Trifolium repens
65	 Festuca rubra
54	 Bryum caespiiicium
Litter
Bare sand
Poa pratensis
89	 Piagiomnium rostratum
86	 Rhytidiadelphus squarrosus
66	 Galium verum
Lophocolea bidentaia
86	 Galium vet-urn
76	 Piantago lanceolata
63	 Homalothecium lutescens
62	 Bare sand
Lophocolea bzdentaia
6	 36	 Festuca rubra	 92	 Trfolium repens
Planiago lanceolata	 78	 Tortula ruralformis
Ac/n/lea millefolium	 58	 Lophocolea b,dentata
Plagiomnium rostratum
Lotus corniculatus
Interpretation of TWINSPAN output
Group 1(173 samples) and Group 2 (240 samples)
Quadrats from Groups 1 and 2 represent the previously-ploughed machair vegetation
surveyed at Drimsdale and are distributed as a closely related set of samples on the quadrat
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ordination diagram (Figure 4.7). Specifically, samples from Group 1 were largely taken
from the first fallow area (F), whereas samples in Group 2 are representative of the second
fallow area (2F). Although both groups are characterized by the presence of H. lutescens
and Barb ula sp. as diagnostic species, they are distinguished by different dominant species.
Group 1 is dominated by F. rubra (89% constancy); Group 2, however, is characterized by
B. perennis as the dominant species (69% constancy) (Table 4.4). Although subtle
differences in the mix of associated species are evident, T. repens, P. pratensis and bare
ground are common to both Groups 1 and 2. Species typifying quadrats from previously-
ploughed areas, most notably including Bryum caespiticium Hedw., Barbula sp., H
lutescens and P. pratensis, are distributed as a vertical group to the left of centre on Figure
4 .8.
Group 3 (6 samples)
Group 3 is a small group of samples representing quadrats taken from both previously-
ploughed (F) and unpioughed areas (UP). Accordingly, Group 3 contains species elements
from both vegetation types (Table 4.4) and occurs as a widespread set of points on the
quadrat ordination diagram (Figure 4.7).
Group 4 (102 samples), Group 5 (79 samples) and Group 6 (36 samples)
Quadrats in Groups 4, 5 and 6 were taken from the unpioughed (UP) area of machair at
Drimsdale. Taken together they represent a large group of samples situated immediately to
the right of Groups 1 and 2 on the quadrat ordination diagram (Figure 4.7). Species
characterizing the unpioughed area are distributed as a group to the right of centre on
Figure 4.8. Although Groups 4, 5 and 6 are all characterized by a high constancy of F.
rubra (86%, 86% and 92% respectively) (Table 4.4) they are separated on Figure 4.7 on the
basis of differing co-characterizing and associated species. This is also reflected by the
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positioning of species on the species ordination (Figure 4.8). Specifically, Group 4 is
dominated by litter (89% constancy) and is also typified by a high constancy of T. repens.
This, in conjunction with the presence of P. rostratum, R. squarrosus and L. bidentata
accounts for the position of Group 4 on the quadrat ordination (Figures 4.7, 4.8). In
contrast, Group 5 is characterized by high constancies of L. corniculatus and T
ruralformis. The occurrence of these two species and their positioning on the species
ordination (Figure 4.8) is reflected by the distribution of Group 5 on Figure 4.7.
Group 6 is concentrated to the upper right of Groups 4 and 5 on the quadrat ordination
(Figure 4.7). This distribution pattern is due to the fact that Group 6 is characterized by the
presence of P. lanceolata and A. millefolium at 78% and 58% constancy, respectively
(Table 4.4; Figure 4.8).
4.4.2.3 Vegetation processes in unpioughed machair
Thirty-six species were recorded from a total of 590 micro-quadrats taken from the area of
unpioughed machair at Drimsdale during 1995, 1996 and 1997. TWINSPAN analysis of
the data identified eight micro-communities (Table 4.5).
Interpretation of DCA output
The quadrat ordination plot derived from DCA of all 590 micro-quadrats taken from the
area of unploughed land (UP) at Drimsdale during 1995, 1996 and 1997 is presented in
Figure 4.9. The corresponding species ordination plot derived from DCA is shown in
Figure 4.10: for clarity, only those species occurring in the eight prescribed TWINSPAN
groups are plotted.
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Table 4.5 Summary of plant micro-community groups produced by TWINSPAN analysis
of all 590 micro-quadrats taken from unploughed land at Drimsdale, September 1995; July
1996; July 1997.
Group	 Number	 Characterizing species	 % constancy	 Associated species (>25 % and
of	 by group	 <50% constant by group)
quadrats	 (^50% constant)
I	 43	 Litter	 100	 Hornalothecium lutescens
Festuca rubra	 95	 Gal/urn verum
Tr(foliurn repens
Rhytidiadeiphus squarrosus
3
4
5
6
7
2	 73	 Festuca rubra
Litter
Achillea millefolium
Trifoliurn repens
71	 Festuca rubra
Litter
Plag,omniurn rostra/urn
Trifoliurn repens
Galiurn verum
24	 Festuca rubra
Plan/ago lanceolata
Plagiomniurn rostra/urn
Litter
Lophocolea bidentata
42	 Festuca rubra
Plan/ago lanceolata
Tortula ruraliformis
Homalothecurn lutescens
Ach,llea rnillefolzum
Lophocolea bidentata
56
	
Festuca rubra
Plantago lanceolata
Bare ground
Achillea m:llefol,um
Tr,fohum repens
182
	
Festuca rubra
Hornalotheciurn lutescens
Tortula ruraliformis
Bare ground
93	 Lophocolea bidentata
82	 Rhytidiadelphus squarrosus
53	 Plagiomniurn rostra/urn
50	 Tortula rura4form:s
Lotus corniculatus
Galiurn verurn
97	 Bellis perennis
82	 Bare ground
80	 Lophocolea bidentata
52
52
96	 Galium verum
92	 Bellis perennis
75	 Linurn catharticurn
58
54
83	 Ranunculus acns
81	 Plagiornnium rostra/urn
79	 Tr foliurn repens
60	 Bare ground
55	 Bellis perennis
52	 Rhy/idiadelphus squarrosus
95	 Lophocolea bidentata
89	 Plagiomniurn rostra/urn
73	 Tortula rural!forrnis
54
52
92	 Gahurn verum
85	 Litter
64	 Plan/ago lanceolata
58	 Lotus corniculatus
8	 99	 Festuca rubra	 96	 Galium verum
Bare ground	 95	 Lotus corniculatus
Hornalotheciurn luzescens 55 Tortula rural,forrnis
Agrostis sto/on:fera
Trifoliurn repens
Bellis perennis
Interpretation of TWINSPAN output
It was not possible to assign any particular TWINSPAN group to any one year of survey.
However, quadrats exhibiting particular TWINSPAN group association types were more
frequent in some years than others.
148
Group 1 (43 samples), Group 2 (73 samples) and Group 3 (71 samples)
Quadrats representing Groups 1, 2 and 3 were largely taken from the unpioughed machair
at Drimsdale during 1995 and 1996 and are distributed towards the left-hand side of the
quadrat ordination plot (Figure 4.9). Although F. rubra and litter are dominant in all three,
each individual group is typified by a particular combination of co-characterizing and
associated species (Table 4.5).
Group 4 (24 samples), Group 5 (42 samples) and Group 6 (56 samples)
These three groups represent quadrats taken during 1995, 1996 and 1997 and, therefore,
represent micro-communities common to all three stages of the investigation. Festuca
rubra and P. lanceolata are the two dominant species in each group (Table 4.5) and the
importance of P. lanceolata as a diagnostic species is reflected by the distribution of
sample points towards the lower half of the quadrat ordination (Figures 4.9, 4.10).
Plagiomniurn rostrat urn and L. bidentata are also common to all three groups (Table 4.5).
Group 7 (182 samples) and Group 8 (99 samples)
The majority of quadrats sampled from the unploughed vegetation at Drimsdale during
1996 and 1997 are represented by Groups 7 and 8. The species most characteristic of these
two groups occur as a distinct group on the extreme right of the species ordination diagram
(Figure 4.10). Both groups are characterized by F. rubra, H. lutescens and bare ground,
although Group 7 is also typified by the presence of T. rural formis as a diagnostic species
(Table 4.5). Galiurn verurn and L. corniculatus are associated species common to both
Group 7 and Group 8 (Table 4.5). The distribution of Group 8 slightly to the right of
Group 7 on the quadrat ordination plot can be largely attributed to the presence of A.
siolonjfera as an associated species in Group 8 (Figures 4.9, 4.10).
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Overall, the data indicate very little real change in the relative frequencies of TWINSPAN
Groups 1-8 during the period 1995-1997 (Figure 4.11).
Figure 4.11 St.tcked h4r graph illustrating the freqtieuic of quadrat.s showing each rWINSPAN
uuciatut'n t pe ( ircup I - during each sear of sur e . I 995. 1996 and 1997.
çuadrats in lWlNSP.•N (iroup 7 were the most frequent during 1995 and quadrats
showing this association type maintained their high frequency through 1996 and 1997
(Figure 4.11). The number of quadrats in TWINSPAN Group 8 showed a marked increase
from 1995 to 1996. hut then decreased from 1996 to 1997. In contrast. quadrats showing
the Group 4 association type were completely absent during 1996 hut. in 1997. re-attained
comparable numbers to those recorded during 1995. The decrease in total quadrat
frequency from 1996 to 1997 is due to the fact that only six of the seven permanent
unploughed (1. T P) quadrats were located fhr re-survey during 1997 (Figure 4.11).
I: igures 4. 1 2a-h show, in greater detail, the processes of vegetation change within each
[WINS1AN group over the three survey years. Patterns of movement from one
[WIN SPAN group to another during the periods 1995-1996 and 1996-1997 were not
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markedly similar. However, the graphs suggest that TWINSPAN Groups 7 and 8 (Figures
4.12g and 4.12h) were the least changeable during the period 1995-1997. The majority of
quadrats classified in these two groups during 1995 remained as Group 7 or 8 during the
following survey year. Similarly, quadrats classified as Group 7 or 8 during 1996 typically
remained within the same association type during 1997 (Figures 4.12g and 4.12h).
Quadrats in TWINSPAN Group 3 also showed some degree of stability with a large
number of quadrats classified as Group 3 in 1995 remaining as Group 3 in 1996 (Figure
4.12c). Likewise, the majority of quadrats classified as Group 3 during 1996 remained as
Group 3 during 1997 (Figure 4.12c).
Quadrats in TWINSPAN Groups 1, 2, 4, 5 and 6 generally showed more fluctuation on a
micro-scale than quadrats in Groups 3, 7 and 8. The majority of quadrats classified as
TWINSPAN Groups 1, 2 and 4-6 in 1995 did not remain within the same association type
throughout the course of the investigation, but were largely classified within a different
TWINSPAN group during 1996 and 1997 (Figures 4.12a, b, d-f). The surveyed quadrats
typically showed more movement between TWINSPAN association types during the period
1996-1997 than during 1995-1996. However, quadrats classified as Group 4 during 1996
all shifted to TWINSPAN Group 2 during 1997 (Figure 4.12d). TWINSPAN Group 5 also
showed utile fluctuation during, the çeriod 1996-1997 - all auadxats classified as Groiiç S
during 1996 shifted to Group 2 or Group 7 in the following year (Figure 4.12e).
4.5 DISCUSSION
4.5.1 Description of agricultural plant communities at Drimsdale and Kildonan
4.5.1.1 Cereal land at Drimsdale
TWINSPAN analysis of the vegetation data identified five plant communities arising as a
result of human agricultural interference for cereal cultivation. Subsequent ordination of
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the data by DCA identified the first axis as the most ecologically significant. The ordering
of quadrats along this first axis was roughly related to sample site age and expressed a
successional gradient from newly-ploughed machair. to machair at a relatively advanced
stage of recovery lollowing cultivation. However, it is also apparent that Axis I
represented a gradient from dry to wet machair as ploughing typically has a desiccating
elThct on machair soils (Crawfbrd. 1990). Quadrats from newly-ploughed areas were.
therefore, positioned to the extreme left of the ordination, whereas quadrats taken from the
wetter mesotrophic grassland were situated to the extreme right of the diagram. This
interpretation is confirmed by an inspection of 1:igure 4. 13.
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Figure 4.13 Quadrat ordination diagram deried from Detrended Correspondence Analysis of the 120
(l uadrats taken during the agricultural vegetation survey at Drimsdale. July 1996. Field type membership is
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the earl y successional stages of' cultivated dry machair derived from analysis of the
l)rimsdale data relate well to previous accounts by Crawford (1 988d: 1990) and Dargie
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(1993). The moderate to high frequencies of Trfolium repens, Sonchus asper (L.) Hill,
Senecio jacobaea and Festuca rubra in Group 1 must be due to their ability to colonize
bare sand surfaces by means of vegetative rhizomes, runners and other similar organs
(Gimingham, 1964; Grime et a!., 1988) and indicate that the initial processes of surface
fixation are in progress at an early stage (3-4 months) following disturbance. TWINSPAN
analysis of data collected during the course of this survey indicated that Anchusa arvensis,
Papaver rhoeas, Sinapis arvensis, Myosotis arvensis and Viola arvensis were the ruderal
species most significantly and frequently associated with the cereal crops of dry machair at
Drimsdale. Crawford (1990) also identified V. arvensis and S. arvensis, along with
Chrysanthemum segetum, A. arvensis, Valerianella locusta (L.) Laterr., Lam ium
purpureum L., and Euphorbia helioscopia L., as characteristic weeds of cultivated machair
in North and South Uist. Crawford (1990) indicated that although these ruderal species
may remain important elements of The community into The st fa\\o' year, They ire
typically overshadowed by the presence of species including Viola tricolor, Rainrnculus
repens, M arvensis, Cerastium dffusum Pers. and Erodium cicutarium. A similar pattern
was recorded for the one-year fallow arable land surveyed at Drimsclale: increases in
frequency of V. tricolor, R. repens, M arvensis, C. dffusum and E. cicutarium were
mirrored by a sharp decrease in numbers, or total disappearance, of several previously-
abundant ruderal species. The increased surface stability of one-year fallow relative to
newly-ploughed land was reflected by the occurrence of Bryum capillare Hedw. and
Brachythecium sp. in Group 2 at 52% and 35% constancy, respectively.
At the two-year fallow stage (Group 3), most of the ruderal species which characterized the
communities of newly-ploughed and one-year fallow land were absent, and the vegetation
was dominated by F. rubra, S. jacobaea, Bellis perennis, Prunella vulgaris, T. repens and
Achillea millefolium. In this respect, the species composition of vegetation taken from land
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fallow for two years is highly comparable to the early successional stages described by
Crawford (1988d; 1990) and Dargie (1993). In addition to the increasing occurrence of
species characteristic of a machair grassland, including Euphrasia officinalis agg., Lotus
corniculatus and Poa humilis (Gimingham, 1964), the increased stability and maturity of
the two-year fallow vegetation relative to previous successional stages is reflected by the
increasing frequencies of bryophyte species, notably Bryum caespiticium, Brachythecium
sp., Tortula ruralformis, Rhytidiadeiphus squarrosus and Homalothecium lutescens.
It was not possible, prior to the survey, to produce a specific chronology of the wet matrix
field systems, although both were judged to have been fallow for c.two years. However,
the position of Group 4 relative to Group 5 on the first DCA ordination axis, in conjunction
with increased species diversity, suggests that the former was at a later stage of recovery
following agricultural management. In contrast, the proximity of quadrats from Group 5 to
quadrats from Group 3 on the first ordination axis, suggests that vegetation characteristic of
Group 5 is closely related to the two-year fallow vegetation of dry machair. It is, therefore,
likely that the community represented by Group 5 is characteristic of a relatively early
successional stage.
Although this survey did not produce an exhaustive catalogue of vegetation community
types resulting from agricultural disturbance of the machair, it has re-affirmed the role of
anthropogenic factors in modifying machair vegetation and the importance of agricultural
vegetation types as components of the machair systems of South Uist (Chapter 3).
4.5.1.2 Potato patches at Kildonan
Analysis of micro-quadrat data collected from the five-year potato patch chronosequence at
Kildonan during July 1996 indicated the presence of a clear successional sequence, from
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newly-ploughed and planted land to that at a late stage of recovery. This observation is re-
allirmed by Figure 4.14.
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In terms of numbers of micro-communities characterizing each stage of recovery, the one-
year fallow patch was the most diverse. TWINSPAN identified three different micro-
communities from this successional stage (TWINSPAN Groups 2. 3 and 4). all of which
related well to the community previously identitied as TWINSPAN Group C during the
Kildonan survey (Chapter 3. Section 3.3.4.1). The presence of F. rubra and Plantago
lwweolaia as associated species in Group 4 is suggestive of the early stages of surface
fixation, as Gimingham (1964) considered these species to be important during the initial
hxation of hare sand.
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Increased surface stability at the two-year fallow stage is indicated by increased quantities
of F. rubra and the presence of other surface fixers, notably Agrostis stolonjfera, R. repens
and S. jacobaea (Gimingham, 1964). Gimingham (1964) considered B. perennis to be
characteristic of the latter stages of surface fixation and this species does not appear in the
TWJNSPAN-defined micro-communities until the three-year fallow stage. Although the
previously-ploughed cereal land at Drimsdale was characterized by the presence of H
lutescens, B. caespiticium and Brachythecium sp. at an intermediate stage of recovery
(Section 4.5.2.2), the micro-communities of both the two and three-year fallow potato
patches at Kildonan showed no comparable colonization by bryophytes. Surface-fixing
bryophytes do not appear in the micro-communities of the Kildonan potato patches until
the four-year fallow stage, suggesting that the potato patches are slower to re-vegetate than
equivalent areas of cereal land.
4.5.2 Comparisons of ploughed and unpioughed machair
4.5.2.1 Vegetation processes in newly-ploughed land
All experimental turves showed an ability to re-establish vegetation cover following
disturbance by ploughing and a steady reduction in the total cover of bare sand was a
consistent feature across all six turves. Recovery of vegetation cover was most rapid on
turves T4, T5 and T6. This rapid re-vegetation can be primarily attributed to the non-
destructive ploughing methods employed on South Uist, which leave the vegetation cover
relatively intact. Additionally, the turves were collected c. 10 days after ploughing: turves
T4, T5 and T6 had not, therefore, been in an 'inverted' period for any length of time and it
is assumed that the turves were removed from the field before the decomposition processes
were fully initiated.
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Although re-vegetation of turves Ti, T2 and T3 was somewhat slower, with bare sand
remaining the dominant feature throughout the course of the investigation, colonization
followed a similar pattern to that witnessed for T4, T5 and T6. Agrostis stolonfera made a
rapid increase in cover during the course of the experiment on all six turves. This species
is capable of extensive vegetative reproduction (Grime et al., 1988), and it is likely that the
cutting action of the plough produced a number of detached shoots that were able to root to
form new individuals. The high relative growth rate of A. stolonfera (Grime et a!., 1988)
may also have been an important factor in the rapid increase in cover recorded for this
species during the investigation.
Festuca rubra was the dominant plant species on all six turves at the close of the
investigation. It is likely that rhizomes, severed by the action of the plough, played an
important part in the regeneration of this species (Grime et a!., 1988). Increases in
frequency by F. rubra were generally accompanied in each case by an associated decrease
in the cover of Poa pratensis. A similar pattern, whereby an increase in the amount of F.
rubra corresponded with a decrease in the amount ofF. pratensis, was recorded by Hewett
(1970) in his paper on the re-colonization of sand dunes following extensive marram
planting.
Bellis perennis, L. corniculatus and R. repens are three further species observed to have
successfully re-colonized all of the ploughed turves. Although B. perennis made a good
recovery on all six turves, overall increases in frequency of this species on T1-T3 were
greatest towards the latter half of the investigation. This observation is probably due to the
fact that B. perennis is most abundant at low to moderate levels of bare ground (Grime et
a!., 1988) and late increases in frequency can, therefore, be attributed to an increased
vegetation cover over the whole of the turf'. The good recovery shown by R. repens may be
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accounted for by the fact that this species has been recorded as being particularly tolerant
of disturbance and can withstand infrequent digging or ploughing. In addition, R. repens is
capable of proliferation via stolons and has been shown to have a rapid turnover of ramets
(Grime et a!., 1988). Overall, recovery of L. corniculatus on the six turves was more
gradual than that of B. perennis or R. repens, and must be due to the fact that this species
has a limited capacity for vegetative regeneration only (Grime eta!., 1988).
The successful recovery of Stellaria media on turves Ti, T2 and T3 may also be due to re-
colonization by vegetative means. Stellaria media is a characteristic species of disturbed
soils; regeneration on the three 'inverted' turves may have occurred, to some degree, by
cuttings taking root (Grime et a!., 1988). The good recovery shown by T repens and
Potentilla anserina on T4, T5 and T6 is likely to be due to their capacity for vegetative
spread (Grime eta!., 1988). Keever (1950) and Egler (1954) have also indicated the role of
vegetative propagules of perennial plants in the re-vegetation of agricultural field systems.
Species recorded on the ploughed turves that are not capable of regeneration by vegetative
means, must have re-colonized by seed present in the form of a soil seed bank. It is likely
that the action of the plough was integral in bringing seeds to the surface (Roberts and
Feast, 1973), resulting in appropriate environmental conditions for dormancy-breaking,
germination and establishment. Myosotis arvensis, Geranium molle, Cerastiumfontanum,
V. tricolor, Arenaria serpy!lfolia, E. cicutarium and Cardamine pratensis are all assumed
to have regenerated by seed. Keever (1950; 1979) indicated that agricultural land
cultivated during spring or summer is generally characterized by the post-cultivation
germination of a population of winter annuals, dispersed during the previous autumn. Of
the seven species which are assumed to have germinated on the ploughed turves, four are
classified as winter annuals (Grime et a!., 1988). In addition, the colonization of Ti, T2
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and T3 by germinating seeds may be attributed to the fact that winter annuals are largely
dependent on areas of bare ground for their successful establishment (Grime, 1979).
Although re-colonization via a soil seed bank clearly played a role in the re-vegetation of
all six turves, success was somewhat limited. This poor establishment via seed may be due
to the nature of the seed bank itself. Burrows (1990) and Cavers and Benoit (1989)
maintain that the qualitative and quantitative representation of seeds in the soil seed bank is
dependent on the previous cultivation history of the site: seeds in the bank may have been
dormant or non-viable, or the number of seeds present in the ploughed turves may not have
been particularly high. The majority of dune species are winter annuals (Packham and
Willis, 1997) which typically do not have innately dormant seeds and are, therefore, poorly
represented in seed banks (Keever, 1950). The rapid, efficient recovery of vegetative
species compared with that of species reproducing by seed, may be partly accounted for by
the fact that each experimental turf was removed from the field during April 1997, before
flowering and seed-set. Regeneration by seed was, therefore, limited to germination of
those propagules laid down in the seed bank during the autumn of 1996.
Field observations of the land from which all four turves were removed indicated that
newly-ploughed machair is typified by the presence of nineteen plant species (Drimsdale
agricultural vegetation survey, TWINSPAN Group 1, Section 4.4.1.1). Experimental
turves T1-T6 are directly comparable to this ploughed land, in that all are assumed to have
the same seed bank present. However, due to their 'inverted' position during the course of
the investigation, turves Ti-T3 are more directly comparable to this ploughed land than
turves T4-T6. Of the nineteen species recorded on ploughed land at Drimsdale, only six
occurred on Ti, T2 and T3 (Table 4.6).
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Table 4.6 Species present in TWINSPAN Group 1 of the
Drimsdale agricultural vegetation survey and their presence or
absence on experimental ploughed turves Ti, T2, T3, T4, T5 and
T6. Where: + = species present on turf; - = species absent from
turf.
Species	 Turf
Ti	 T2 T3 T4 T5 T6
Festuca rubra	 +	 +	 +	 +	 +	 +
Agroslis stolonfera	 +	 +	 +	 +	 +	 +
Bellisperennis	 +	 +	 +	 +	 +	 +
Ste/lana media	 +	 +	 +	 +	 -	 +
Trfolium repens	 +	 +	 -	 +	 +	 +
Myosotis arvensis	 +	 +	 +	 -	 +	 -
Potentilla anserina	 -	 -	 -	 +	 +	 +
Seneciojacobaea	 -	 -	 -	 +	 +	 +
Achillea millefolium	 -	 -	 -	 +	 +	 -
Erodium cicutarium	 -	 -	 -	 +	 +	 -
Ranunculus acnis	 -	 -	 +	 -	 -	 -
Planlago lanceolata	 -	 -	 -	 +	 -	 -
Pap aver rhoeas	 -	 -	 -	 -	 -	 -
Poahumilis	 -	 -	 -	 -	 -	 -
Viola arvensis	 -	 -	 -	 -	 -	 -
Anagallis arvensis	 -	 -	 -	 -	 -	 -
Sinapis arvensis	 -	 -	 -	 -	 -	 -
Sonchus aspen
	 -	 -	 -	 -	 -	 -
Hordeum Sn.	 -	 -	 -	 -	 -	 -
The results of this investigation suggest, therefore, that there are three main sources of
colonizing machair species following disturbance by ploughing. These are:
I) seeds in the sand prior to ploughing i.e. seeds present in a soil seed bank,
ii) roots, shoots and stolons capable of vegetative re-colonization i.e. vegetative
propagules,
iii) seeds arriving on the sand surface after ploughing i.e. seeds arriving in the seed rain.
The rhizomes, bulbs, corms, specialized roots and vegetative fragments of the perennial
machair species are clearly the most successful and rapid colonizers of ploughed land.
However, although clearly a factor in the re-vegetation of ploughed land, successful
colonization by seed will ultimately depend on the nature and extent of the seed bank and
seed rain. The dynamics of machair seed banks and seed rain are discussed in Chapter 5.
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4.5.2.2 Plant micro-communities of ploughed and unpioughed machair
Prior to the investigation, the previously-ploughed F and 2F areas at Drimsdale were
judged to have been fallow for two to three years: analysis of the micro-quadrat data
supported this hypothesis. TWINSPAN Groups 1 and 2, which correspond to the F and 2F
areas respectively, were both typified by the presence of Barbula sp. and H. lutescens as
characterizing species. In addition, B. caespiticium was present as an associate species in
Group 2. Gimingham (1964) maintained that, whereas Barbula sp. and B. caespiticium are
typical early colonizers, H lutescens is more characteristic of the intermediate stages of
surface fixation. This mix of bryophyte species, therefore, confirms that the F and 2F areas
are representative of an early to mid-successional stage. However, the two-three year
fallow micro-communities identified from Drimsdale were distinguished from one another
by different dominant and, mixes of, associated species. As it is assumed that the
vegetation of the F and 2F areas was homogeneous prior to ploughing, this variability in
the two-three year fallow vegetation is probably best attributed to local differences in soil
chemistry and availabilities of propagules for re-vegetation.
In addition to an increasing dominance of species, including Galium verum and A.
millefolium, considered typical of a mature machair grassland (Gimingham, 1964), the
unploughed (UP) area at Drimsdale was distinguished from the ploughed (F and 2F) areas
by a more diverse biyophyte flora. Although intermediate-stage colonizers, including T
rural (formis, H. lutescens and R. squarrosus (Gimingham, 1964), were present in moderate
amounts, the absence of colonizing bryophyte species in conjunction with the presence of
Plagiomnium rostratum and Lophocolea bidentata indicates greater moisture availability
and increased surface stability. The moss P. rostratum and liverwort L. bidentata are,
therefore, indicative of a mature machair grassland.
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4.5.2.3 Vegetation processes in unpioughed machair
Figure 4.15 indicates that there was no clear temporal shift in the community composition
of the unploughed land surveyed at Drimsdale during the period 1995-1997. Stacked bar
charts also indicated that, although the unpioughed machair grassland was very dynamic in
terms of small-scale changes, the vegetation remained relatively static on a macro-scale.
Micro-fluctuations from 1995-1996 and from 1996-1997 were typically not comparable,
indicating that any one vegetation association type does not follow the same pattern of
movement from one year to the next. Micro-fluctuations within the unploughed grassland
are, therefore, random, chaotic and generally unpredictable and the micro-shifts in
community composition detected over the period 1995-1997 may have resulted from
differences in environmental conditions over the three survey years. The reason why some
TW1NSPAN associations, notably Groups 3, 7 and 8, were relatively more stable than
others is not immediately clear, as there are apparently no outstanding features of the
species composition of these micro-communities to suggest a reason for their greater
stability. Overall, although fluctuations in the structure of the micro-communities occur,
these fluctuations do not follow a predetermined pattern and the vegetation of the
unpioughed area is apparently maintained at, or near to, equilibrium. Drimsdale is grazed
freely by sheep and cattle during the winter months and is also subject to year-round
grazing by rabbits. Although the effects of biotic pressures on vegetation processes were
not considered during the course of the investigation, grazing by domestic stock and feral
rabbits may play a significant role in maintaining the floristic equilibrium of unploughed
machair vegetation at Drimsdale.
Elements of a mature machair grassland were recorded from all three stages of the
investigation (TWINSPAN Groups 4, 5 and 6). Micro-quadrats largely taken during 1995
and 1996 (TWINSPAN Groups 1, 2 and 3) were representative of a mature machair
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grassland hut were characterized by high frequencies of plant litter. Although the
dominance of F: rubra and the presence of (i. v'ruin as an associated species indicate that
the majority ol quadrats taken during 1996 and 1997 (TWINSPAN Groups 7 and 8) are
also representative ol' a mature machair grassland. relative to 1995-1996. there appears to
have been some deterioration of the unploughed vegetation. Plagiomniuin rosiratuin and
L. hick'niaia. which ere recorded during the period 1995-1996 and which proved to be
reliable indicators of mature machair during the previous investigation, are noticeably
absent. Bare ground was also a prominent feature of the 1996-1997 micro-communities.
iiiis combination of factors indicates that sonic breakdown of surface stabilit y occurred
within the unpioughed area at 1)rimsdale during the period 1996-1997. Although the exact
cause cannot he precisely diagnosed. it is possible that desiccation of the surface vegetation
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due to an exceptionally hot, dry summer resulted in an increased area of bare ground.
Alternatively, it can be hypothesized that increased grazing pressures during the period
1996-1997, either due to higher stocking densities during the winter of 1996 or to an
increase in rabbit numbers, would have resulted in the observed loss of vegetation cover
and the associated increase in bare ground.
4.6 SUMMARY
The plant communities of machair at different stages of recovery following cultivation
were identified at both a macro- and micro-level.
• Investigations of the vegetation processes in newly-ploughed land indicated that the
initial stages of re-colonization are characterized by rapid vegetative growth, although
re-vegetation by seeds may also be an important factor.
• The succession back to undisturbed 'natural' machair grassland was primarily indicated
by increased bryophyte cover and the presence of Plagiomnium rostratum and
Lophocolea bidentata.
• Although intact unploughed machair communities were very dynamic in terms of small-
scale fluctuations in micro-community composition, these micro-fluctuations were
random and chaotic, and were not sufficient to effect a noticeable directional shift in
community composition. Unploughed machair grassland, therefore, remained relatively
stable over time.
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CHAPTER 5
SEED DYNAMICS OF SELECTED MACHAIR
VEGETATION TYPES
5.1 INTRODUCTION
The soils of the majority of plant habitats are replete with large populations of buried
viable seeds (Chippendale and Milton, 1934; Harper, 1977; Thompson and Grime, 1979;
Roberts, 1981; Leek et al., 1989; Thompson et a!., 1997). Such populations of seed in the
soil are often referred to as a 'seed bank'. Harper (1977, p.83) defined the seed bank as
"the store of seeds buried in soil", whereas Roberts (1981, p.1) adopted the term 'seed
bank' to describe "the reserves of viable seeds present in the soil and on its surface". Sagar
and Mortimer (1976) distinguished specifically between a buried seed bank and a surface
seed bank. More recently, Silvertown and Lovett Doust (1993) have suggested that the
term 'seed bank' gives an erroneous impression of a place of safe-keeping for plant
genotypes. In fact, the seed bank is continually depleted due to predation by animals,
fungal attack and loss of viability due to ageing. Silvertown and Lovett Doust (1993) have,
therefore, proposed the use of 'seed pooi' as a more neutral term. Buried viable seed banks
have great agricultural and economic significance and many of the earliest studies paid
considerable attention to the role of seed banks in cultivated soils (Brenchley, 1918;
Brenchley and Warington, 1930; 1933). However, seed banks have been increasingly
recognized in the structure and functioning of all major vegetation types (Grime, 1989) and
there is a vast, ever-growing literature relating to their study (Roberts, 1981; Leek et a!.,
1989; Vyvey, 1989a; 1989b; Warr et al., 1993; Thompson eta!., 1997).
Dispersing seeds characteristically form a 'rain' onto the surface of the soil. This 'seed
rain' is properly defined as "the flux of seed (or other propagules) into and out of a unit of
habitat" (Harper, 1977, p.33). A number of factors, including the proximity and numbers
of parent plants contributing seed, the abundance of the seed crop, and seed dispersal
modes in operation, will affect the quantitative seed rain (Burrows, 1990). After dispersal,
seeds may suffer several fates. The seeds may be stimulated to germinate, may die from
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fungal attack or may lie dormant and thus be added to the reservoir of viable seeds in the
seed bank (Harper, 1977). The seed rain and the buried soil seed bank of a plant
community are, therefore, intimately associated, as the size of the seed bank will, amongst
other factors, depend on the rate of recruitment of propagules from the seed rain (Mortimer,
1974). However, although there are numerous accounts of the seed rain of a single species
(Harper, 1977), with the exception of investigations including those such as Wagner
(1965), Rabinowitz and Rapp (1980) and Schott and Hamburg (1997), there is a paucity of
information relating to the total seed rain on a community basis. Studies combining the
seed bank and the seed rain are rarer still (KelIman, 1974; Rabinowitz, 1981; Schott and
Hamburg, 1997), although information regarding the relationship between seed bank and
seed rain is essential in order to fully comprehend plant seed dynamics and their
significance to community processes.
Although many researchers typically examine the seed banks and seed rain of diverse plant
communities to quantify seed numbers, the populations of viable seeds produced by natural
plant communities are of fundamental importance in all aspects of plant ecology and
community dynamics (Thompson et al., 1997). Major and Pyott (1966), for example,
maintained that a complete description of a plant communily shouid incJude the buried soiJ
seed bank. Populations of seed in the seed bank may remain dormant for many years and
thus represent the past as well as the present vegetation (Harper, 1977). Seed banks are,
therefore, implicated in the study of vegetation history (Warr et a!., 1993) and may also
play an important part in predicting the course of succession (Schott and Hamburg, 1997).
The colonization of new sites created by disturbance may result:
(i) from an influx of seed or other plant propagules from another site (the seed rain), or,
(ii) via the recruitment of seed from a persistent seed bank.
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Thus seed bank and seed rain composition can strongly influence the rate and direction of
plant community development following disturbance, and the seed bank and seed rain may
play significant roles in the conservation and restoration of plant communities (Bakker,
1989; Bakker et al., 1996).
In order to fully comprehend the mechanisms of recovery following both anthropogenic
and environmental disturbances, a full account of the plant community ecology of a
dynamic environment such as the machair should include some discussion of the seed bank
and the seed rain. However, the seed dynamics of the Hebridean machair systems have not
been previously described and no information exists with regard to the size and
composition of machair seed budgets. This chapter, therefore, describes field and
glasshouse-based investigations into the qualitative and quantitative composition of the
buried soil seed bank and the seed rain in selected machair vegetation types.
5.2 AIMS
This chapter aimed to describe the spatial and temporal dimensions of the qualitative and
quantitative composition of soil seed banks and seed rain in a number of different machair
sub-communities. The ultimate aim of the investigation was to assess the potential of
machair seed banks and seed rain as sources of colonizing propagules for re-vegetation
following anthropogenic and environmental disturbances.
5.3 METHODS
5.3.1 Seed bank sampling
5.3.1.1 Collection of soil seed cores
Soil seed bank samples were taken from nine different machair vegetation types at
Kildonan and Drimsdale on five different sampling occasions during the period September
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1995 to September 1997 (Table 5.1). Samples taken from KD F1-F4 were collected from
the five-year potato patch chronosequence at Kildonan, previously identified as
TWINSPAN groups C-F during analysis of the Kildonan dune and dry machair data set
(Chapter 3, Section 3.3.4.1). Samples taken from D 3F (three-year fallow grassland) and D
UP (unpioughed grassland) were collected from areas of vegetation described as
TWINSPAN groups 1/2 and 4/5/6, respectively, during comparisons of ploughed and
unpioughed vegetation (Chapter 4, Section 4.4.2.2.). The area of dune slack vegetation
sampled, corresponded to TWINSPAN group 8/9 identified from the Kildonan vegetation
survey (Chapter 3, Section 3.3.4.1). Samples collected from KD FD (foredune grassland)
were taken from an area of grassland at the rear of the Kildonan foredunes and described as
TWINSPAN group 4 (Chapter 3, Section 3.3.4.1). Finally, the ploughed area denoted as
'P' corresponded to Kildonan TWINSPAN group 7 (Chapter 3, Section 3.3.4.1).
With the exception of the slack site, samples were collected at random from a 20m x 20m
plot within each of the different vegetation types. The area of slack available for sampling
(c. I Om x 1 Om) was smaller than that available for other vegetation types. Correspondingly
fewer samples were, therefore, taken from the slack. Additionally, the location of samples
taken during April, July and September 1997 corresponded to the position of traps installed
to measure seed rain (Section 5.3.2.2). For clarity, the number of samples taken from each
of the nine vegetation types on each sampling occasion are presented in Table 5.1.
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Table 5.1 Number of soil seed bank samples collected from each machair sub-community on each
sampling occasion during the period September 1995-September 1997. Where: KD = Kildonan; D =
Drimsdale, Fl = one-year fallow potato patch; F2 = two-year fallow potato patch; F3 = three-year
fallow potato patch; F4 = four-year fallow potato patch; UP = unpioughed grassland; 3F = three-year
fallow grassland; Slack = dune slack; PD = foredune grassland; P = arable land ploughed, seeded and
cropped during 1995.
Sub-community	 Sampling date! Number of samples collected
Sept. 1995	 July 1996	 April 1997
	
July 1997	 Sept. 1997
KDFI	 20	 -	 13	 13	 13
KDF2	 20	 -	 13	 13	 13
KDF3	 20	 -	 13	 13	 13
KDF4	 -	 -	 13	 13	 13
DUP	 -	 20	 13	 13	 13
D3F	 -	 20	 13	 13	 13
KDSlack	 -	 20	 7	 7	 7
KDFD	 -	 20	 13	 13	 13
KDP	 20	 -	 -	 -	 -
Viable seeds most likely to recruit naturally into a plant community are concentrated in the
top 2-3cm of the soil (Bullock, 1996). In addition, the seeds of sand dune species are
generally unable to percolate down the soil profile to any great depth (Harper, 1977). The
seed bank sampling technique employed during the course of the investigation was,
therefore, based on the hypothesis that the majority of seeds are concentrated in the
uppermost layers of the machair soil profile. Simpson et a!. (1989) indicated that the litter
layer may contain many seeds and should be included in a soil seed bank sample. On each
sampling occasion, therefore, seed bank samples were taken in the form of vegetation
cores, each core being approximately 10cm in diameter and 4cm in depth. During
September 1995 and July 1996, when 20 samples were taken, a total volume of 628 0cm 3 of
soil was collected from a surface area of 1570cm 2 within each vegetation type. On
occasions when 13 samples were taken, i.e. during April, July and September 1997, a total
volume of 4080cm3 soil was taken from an area of 1020cm2 within each vegetation type.
The seven samples taken from the slack site during April, July and September resulted in a
total volume of 2200cm3 soil being collected from an area of 550cm 2. Cores were
collected by cutting through the surface machair vegetation with a sharp-ended garden
trowel. The samples were transported to Plymouth in individual labelled polyethene bags
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to avoid seed loss or contamination (Bullock, 1996).
On return to Plymouth after each sampling occasion, the cores were immediately placed in
individual foil dishes and allowed to air-dry at room temperature (c.20°C) for 2-3 weeks
prior to furtherprocessing (Bullock, 1996). Seeds present in the litter and soil fractions
were then separated from the dried vegetation by coarse-sieving through a 05cm sieve. To
provide the most natural seed bed (Bullock, 1996), the soil from each core was evenly
distributed over a layer of sterile machair sand contained within a 15cm x 20cm seed tray.
5.3.1.2 Maintenance of seed bank samples
Seed trays were randomly arranged on benches in an unheated glasshouse under a natural
light environment and watered daily with a fine rose from above. Five trays of sterilized
machair sand were also set out to act as controls and detect any airborne contaminants.
5.3.1.3 Seedling emergence counts
There are numerous methods for estimating the number of seeds in a soil sample (for
reviews see Roberts, 1981; Gross, 1990; Warr et a!., 1993), with each method possessing
its own advantages and disadvantages. However, for the purposes of this investigation, the
seedling emergence technique was selected as the most rapid and efficient method of
enumerating the viable seeds in each sample. Emerging seedlings were identified, counted
and removed at weekly intervals to provide a qualitative and quantitative estimate of the
viable seeds present. Identification to species level was aided by the use of seedling
identification keys (Chancellor, 1966; I-Ianf, 1970). Seedlings which could not be
immediately identified were removed from the experimental trays, transplanted into
separate pots and grown to a stage when a positive identification was possible. Each
sample was thoroughly stirred on a monthly basis to expose all the seeds (Bullock, 1996)
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and encourage further germination (Roberts, 1981). Temporal and spatial restrictions led
to each set of machair samples being discarded after a period of approximately four
months. Roberts (1981) suggested that maintaining seed bank samples for a period of two
years would be a reasonable length of time to provide an exhaustive estimate of all seeds
present. However, Wan et al. (1993) maintain that, provided conditions are suitable and
germination requirements are met, the majority of propagules in a seed bank sample
germinate during the first two months and little extra information is gained by maintaining
the samples for longer than six months.
5.3.2 Seed rain sampling
5.3.2.1 Seed trap design and construction
Due to the windy nature of the Hebridean environment, commonly-used sticky trap designs
(Werner, 1975; Bullock, 1996) were not practicable. It was, therefore, necessary to design
and construct a device which would be durable enough to withstand the rigours of the
Hebridean climate and remain in the field without maintenance for a period of months,
whilst also being capable of efficiently and impartially trapping propagules present in the
seed rain. A gravel seed trap, modified from Johnson and West (1988) and which was
easily and rapidly constructed at minimal cost, was designed to meet these requirements.
The basis of each trap was a 12cm length of polyvinyichioride (PVC) drainage pipe with an
internal diameter of 11cm. A circle of horticultural fleece, with a diameter roughly
equivalent to 30cm and fixed to the rim of the pipe with strong waterproof parcel tape, was
pushed inside the pipe to form a 'bag' approximately 8cm in depth (Figure 5.1).
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washed gravel
5 - 20mm
soil surface
horticultural
fleece	 12cm
PVC pip
4- 11cm -*
Figure 5.1 Schematic representation of a cross-section through a seed trap.
Horticultural fleece was particularly suitable as it is strong, 'breathable' and water-
permeable and would, therefore, allow rainwater to drain through the seed trap, preventing
rotting of accumulated propagules. The fleece 'bag' was then completely filled with
washed aquarium gravel, ranging from 5-20mm in size.
5.3.2.2 Installation of traps and seed rain sampling schedule
During July 1996 and April 1997, seed traps were randomly positioned within a 20m
20m plot within a number of machair vegetation types. The number of seed traps installed
within each different machair vegetation type on these two occasions are presented in Table
5.2. During July 1996, traps were installed by removing a suitably-sized vegetation core
and pushing the traps into the soil so that their tops were flush with the soil surface (Plates
5.la and b). All 28 seed traps installed during July 1996 were removed from the field in
September 1996, after a period of 7 weeks.
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Table 5.2 Number of seed rain traps installed within each machair sub-community during July 1996
and April 1997. Where: KD = Kildonan; D Drimsdale, F! = one-year fallow potato patch; F2 =
two-year fallow potato patch; F3 = three-year fallow potato patch; F4 four-year fallow potato patch;
UP = unploughed grassland; 3F = three-year fallow grassland; Slack = dune slack; FD = foredune.
Sub-community	 Installation date/Number of traps installed
July 1996
	
April 1997
KDF1	 -	 13
KDF2	 -	 13
KDF3	 7	 13
KDF4	 7	 13
DUP	 -	 13
D3F	 14	 13
KD Slack	 -	 7
KDFD	 -	 13
The 98 seed traps installed during April 1997 were situated in the holes left as a result of
the removal of seed bank samples (Section 5.3.1.1). The fleece 'bags' of seed traps
installed during April 1997 were replaced with clean fleece in July 1997, after a total
period of 12 weeks. However, traps 2, 9 and 10 in the one-year fallow potato patch (Fl)
and trap 3 in the two-year fallow potato patch (F2) had been inundated by sand and were
not re-located. These four traps were not, therefore, available for trapping during the
period July-September 1997. Following a further trapping period of 8 weeks, the
remaining 94 traps were removed from the field in September 1997.
At the end of each trapping period in September 1996, July 1997 and September 1997, the
fleece 'bags' from each trap, containing the gravel and any seeds, were removed whole
from the PVC pipes and transported to Plymouth in individual labelled polyethene bags.
On return to Plymouth at the end of each trapping period, the contents of each fleece 'bag'
were transferred to individual 15cm x 20cm seed trays containing a layer of sterilized
machair sand.
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5.3.2.3 Maintenance of seed rain samples
The trays containing the seed rain samples were randomly arranged on benches in an
unheated glasshouse under a natural light environment and watered daily with a fine rose
from above. A further five seed trays containing a combination of gravel and sterilized
machair sand were set out to detect any contamination by airborne propagules.
5.3.2.4 Seedling emergence counts
As described in Section 5.3.1.3, emerging seedlings were identified, counted and removed
at weekly intervals to provide a qualitative and quantitative estimate of the viable seeds
present in each seed rain sample.
5.3.3 Data analysis
Data produced from replicate samples were summed to give a single measure of the species
composition of the seed bank or seed rain within any one vegetation type at any one time.
The data were then standardized by converting raw abundance values to numbers of
germinable seeds rn 2 . Warr (1991) and Warr et a!. (1993) advocate the use of descriptive
methods of plant analysis to describe seed bank composition. TWINSPAN (Hill, 1 979b;
Chapter 3) and DECORANA (Hill, 1979a; Chapter 4) were, therefore, employed to search
for pattern in the seed bank and seed rain data sets.
5.4 RESULTS
5.4.1 Seed bank
5.4.1.1 Qualitative and quantitative composition of machair seed banks
The qualitative and quantitative properties of the buried viable seed populations recovered
from the litter and surface 4cm soil of the nine investigated vegetation types are shown in
Table 5.3. Also shown are the seed bank type (sensu Thompson and Grime, 1979) of each
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Table 5.3 Composition of the soil seed bank, averaged over all sampling occurrences during September
1995-September 1997, in nine machair plant sub-communities. Where: KD = Kildonan; D = Drimsdale;
Fl = one-year fallow potato patch; F2 = two-year fallow potato patch; F3 = three-year fallow potato
patch; F4 = four-year fallow potato patch; UP = unpioughed grassland; 3F = three-year fallow grassland;
Slack = dune slack; FD = foredune grassland; P = arable land ploughed, seeded and cropped during
1995. Seed bank types are as defined by Thompson and Grime (1979) and catalogued by Grime et a!.
(1988). = to nearest whole number.
SPECIES
	
SEED
	
NUMBER OF GERMINABLE SEEDS m' SOIL
BANK
TYPE
DICOTYLEDONS
Achillea millefolium	 ?I
Anchusa arvensis	 9
Arctium minus	 ?II
Arenaria serpyllifoha	 ill
Atr,plex prostrata	 IV
Bellis perennis
Cardamine pratens,s	 ?III
Cerastium diffusum	 9
Cerastiumfontanum	 III
Chamerion angustifolium
Chenopodium album	 IV
Cirsium arvense	 ?III
Epilobium palustre 	 ?IlI
Erodium cicutarsum	 9
Geranium molle	 III
Hydrocotyle vulgaris 	 9
Leontodon autumnalis 	 III
Myosolis arvensis	 Ill
Papaver rhoeas	 IV
Plantago lanceolata	 III
Prunella vulgaris	 III
Ranunculus acris	 Ill
Rumex crispus	 IV
Sagina procumbens	 IV
Samolus valerandi	 9
Seneciojacobaea	 III
Sherardia arvensis 	 9
Smapis arvensis	 IV
Sonchus asper	 III
Stellaria media	 'V
Trifolium repens	 IV
Veronica arvensis	 III
Viola tricolor	 9
Total dicots
GRAMINEAE
Agrostis .stolonifera	 III
Festuca rubra
Holcus lanatus	 III
Hordeum sp.	 9
Poa pratensis	 ?lII
Total grasses
CYPERACEAE
Carex arenaria	 9
Total sedges
JUNCACEAE
Juncus articulatus	 IV
Luzula campestrls 	 lV
Total rushes
TOTAL NUMBER OF
SEEDS (averaged over
all sampling dates)t
TOTAL NUMBER OF
SPECIES (recorded
over all sampling dates)
SUB-COMMUNITY
KD KD lCD KD	 D	 D	 KD	 KD KD
Fl	 F2	 F3	 F4	 UP	 3F	 Slack	 FD	 P
o	 0	 0-02	 0	 0	 0	 0	 0	 0
o	 o	 0-03	 0	 0	 0	 0	 0	 0
o	 0	 0	 0	 0	 0	 0	 002	 0
02	 1	 0-3	 2	 0-8	 9	 0	 0-05	 0
003	 0-5	 0-1	 0	 0	 0	 0	 0	 0
0-4	 2-85	 3-25	 16	 2-6	 8-75	 0	 0-7	 0
0	 0-03	 01	 0	 0	 002	 04	 0	 0
0-5	 04	 05	 0	 0	 0	 0	 0	 0-2
7-25	 II	 23	 3	 2-25	 10-3	 02	 0-8	 0
003	 0	 0	 0	 0	 0	 0	 0	 0
0-08	 0-5	 1-75	 0	 0	 0	 0	 0	 0
0-02	 0-05	 0-2	 0-06	 003	 0-03	 0	 0-08	 0
0	 0	 0	 0	 0	 0	 0-3	 0	 0
1-4	 0-8	 1-2	 04	 0-03	 0-1	 0	 0	 0
04	 0-3	 0-9	 0-2	 0-03	 0-15	 0	 0	 0
0	 0	 0	 0	 0	 0	 008	 0	 0
0	 0	 0	 0	 0	 0	 0	 0	 0-06
2	 0-25	 0-4	 0-2	 0	 0	 0	 0	 2
o	 0	 0	 0	 0	 1	 0	 0-02	 0
002	 005	 0-6	 0-4	 0	 0-1	 0	 0-08	 0
0-3	 115	 6	 1-6	 0-9	 1 -25	 0-4	 2	 0
1-5	 2-5	 3	 3	 1-3	 1	 4	 2-5	 0-1
0	 0	 0	 o-03	 0	 0	 0	 0	 0
0	 0	 0	 0	 0	 0	 1	 0	 0
0	 0	 0	 0	 0	 0	 0-1	 0	 0
0-2	 0-5	 0-04	 1	 0-8	 0-2	 0	 0-2	 0
0	 0	 0	 0	 0	 0	 0	 002	 0
0	 0	 0-02	 0	 0-2	 0-03	 0-02	 0-04	 0
0-02	 0-08	 0-05	 0-1	 025	 0	 0-2	 0-05	 0-3
25	 4	 3.5	 0-5	 0-15	 0-2	 0	 0-2	 44
0-03	 0-3	 0-03	 03	 0	 0-03	 0-08	 0	 0
0-2	 0-15	 1-25	 0-2	 0-05	 0-4	 0	 0-03	 0
2	 I	 2-5	 I	 0-4	 0-6	 0	 0-05	 4
415	 274	 48•1	 i56	 9•8	 33•2	 6•8	 6•8	 507
2-25	 4	 4-25	 2-6	 0-28	 0-05	 0-5	 0-05	 0-3
0-6	 2	 1	 3	 1-5	 0-7	 0-5	 0-3	 3
0	 0	 0	 0	 0-08	 0-04	 0	 0	 0-08
o	 0	 0	 0	 0	 0-04	 0	 0	 3
0-I	 0-3	 0-2	 0-8	 0-14	 0-2	 0-1	 0-02	 0-5
295	 63	 5.45	 64	 2	 103	 11	 037	 76
0	 0	 0-02	 0	 0	 0	 0	 0	 0
0	 0	 0112	 0	 0	 0	 0	 0	 0
0	 0	 0	 0	 0	 0	 10-5	 0	 0
0	 0	 0	 0	 0-05	 0	 0	 0	 0
0	 0	 0	 0	 005	 0	 105	 0	 0
44	 34	 54	 22	 12	 34	 18	 7	 58
23	 23	 27	 20	 19	 22	 15	 19	 12
182
species of seed recovered. Although, more recently, Thompson et al. (1997) have adopted
a modified version of the seed bank classification proposed by Bakker (1989) in their
volume on the soil seed banks of north-west Europe, the ecological value and relevance of
the scheme proposed by Thompson and Grime (1979) is confirmed by the continuing use
of their classification in the literature. The Thompson and Grime (1979) system of seed
bank classification was, therefore, considered most appropriate for use in this thesis.
Species exhibiting Types I and II seed bank behaviour do not show dispersal in time but
appear only transiently in the seed bank. Type I species produce seeds which germinate
shortly after being shed whilst Type II species are characterized by winter dormancy with
germination in the following spring. In contrast, species exhibiting Types ifi and IV seed
bank behaviour are capable of forming seed banks which persist in the soil for more than
one year. Type III species have a proportion of seeds which germinate soon after shedding
but are also characterized by seeds which fail to germinate and are incorporated into a
persistent seed bank. Type IV species shed seed which is immediately incorporated into a
persistent seed bank. A full discussion of seed bank types and their functional significance
is given by Thompson and Grime (1979), Grime (1979) and Grime eta!. (1988).
Viable seeds of a total of 41 species were recovered from the buried soil seed banks of the
nine machair sub-communities investigated during the period September 1995-September
1997 (Table 5.3). Of these 41 species, 33 were dicotyledons, 5 were grasses and 2 were
rushes. Seeds of only one species of sedge were detected. The greatest numbers of
germinable seeds were recovered from those machair sub-communities subject to
agricultural disturbance. The largest number of seeds (58 seeds m 2 soil) germinated from
samples taken from land ploughed, seeded and cropped during 1995 (P). The plots of the
Kildonan potato patch chronosequence (F1-F4) and the three-year fallow grassland at
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Drimsdale (3F) also yielded high numbers of germinable seeds relative to the unpioughed
grassland (UP), foredune grassland (FD) and slack samples. The lowest density of viable
seeds (7 seeds m 2 soil) was recorded from the FD grassland (Table 5.3).
In terms of the diversity of seeds recovered, the greatest number of species (27 species m2)
occurred in samples taken from the three-year fallow potato patch (F3). The seed banks of
land ploughed, seeded and cropped in 1995 (P) were the least diverse. Seeds from only
twelve plant species germinated from these samples (Table 5.3).
Of the 41 species germinated during the course of the investigation, 24 could be positively
attributed a seed bank type as described by Grime et al. (1988). A further eight species
recorded in the seed bank in this investigation were only tentatively allocated to a particular
seed bank type by Grime et al. (1988). Seventeen of the machair species recovered from
the seed bank during the course of this investigation positively belong, or are suspected to
belong, to seed bank type III (Grime et al., 1988). Ten machair species recovered during
the investigation are identified as belonging to, or are suspected to belong to, the type N
seed bank (Grime et a!., 1988). The remainder of the species identified from the machair
seed banks were not classified as belonging to any particular seed bank type by Grime et a!.
(1988).
Seeds of only four species were recorded in all nine investigated sub-communities. Three
of the four species were grasses: Agrostis stolonfera, Festuca rubra and Poa pratensis
(Table 5.3). The fourth species recorded across all the sub-communities was Ranunculus
acris (Table 5.3). The seeds of a further five species, Cerastium fontanum, Prunella
vulgaris, Sonchus asper, Stellaria media and Viola tricolor were recorded from the seed
banks of eight of the nine sub-communities (Table 5.3). Stellaria media and C. fontanum
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were the two species which consistently achieved the highest seed densities across the nine
sub-communities (Table 5.3). The greatest numbers of germinable seeds of S. media were
recorded from agriculturally-influenced sub-community types, notably the one- (Fl), two-
(F2), three- (F3) and four-year (F4) fallow potato patches and the newly-ploughed, seeded
and cropped cereal land (P) (Table 5.3). Although seeds of C. fontanum were not
recovered from the arable (P) seed banks, the greatest numbers of germinable seeds of this
species were also recorded from cultivated machair. The Fl, F2 and F3 potato patch seed
banks yielded 725, 11 and 23 seeds m 2, respectively (Table 5.3).
Seeds of a number of species were only found within a single sub-community. Seeds of
Epilobium palustre, Hydrocotyle vulgaris, Sagina procumbens L., Samolus valerandi and
Juncus articulatus, for example, were restricted to the buried soil seed bank of the dune
slack sub-community (Table 5.3). In contrast, the occurrence of seeds of Achillea
millefolium, Anchusa arvensis and Carex arenaria was restricted to the F3 potato patch
(Table 5.3).
5.4.1.2 Interpretation of DCA output
The ordination diagram produced as a result of Detrended Correspondence Analysis of the
machair seed bank data is presented in Figure 5.2. Samples 3, 8, 29, 31 and 32 held an
extreme position on Axis 1 and were removed from the analysis to provide a clearer picture
of the distribution of sample points. It was not possible, from Figure 5.2, to detect any real
temporal trends in the qualitative and quantitative composition of the machair seed banks
under investigation.
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Figure 5.2 Sample ordination diagram deri ed from Octrended Correspondence Analysis of 27 soil seed
bank samples taken at Kildonan and Drimsdale. 1995-1997. Samples 3. 8,29. 31 and 32 removed. Where:
F I - one-year fallow potato patch: F2 = two-year fallow potato patch: F3 three-year fallow potato patch:
F4 four-year fallow potato patch: LIP unploughed grassland: 3F = three-year fallow grassland: Slack =
dune slack: F!) tbredune grassland: P arable land ploughed. seeded and cropped during 1995. Blue =
samples taken September 1995: red samples taken July 1996: green samples taken April 1997: yellow
samples taken July 1997: c)an	 samples taken September 1997. SD = units of average standard
de%iaIion of species turnover. Eigenvalues: Axis I = O946. Axis 2 = 05 16.
In order to confirm the absence of an obvious shift in seed bank composition. the
movement of sub-communities through DCA ordination space with time was tracked as
described by Whittaker (1991). The change in position of each sub-communit y is
illustrated by means of a line connecting the position of each sample. from the first to the
final sampling date (Figures 5.3a-h). The direction of change of each sub-cornmunit from
one sampling date to the next is indicated by the orientation of the arrow-head (Figures
53a-h). Pattern in the movement of machair sub-communities through DCA ordination
space is difficult to discern, although the F3 potato patch. LIP grassland and 3F grassland
all showed an initial positive horizontal movement from left to right, subsequently
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Figure 5.3 Plot of sample scores on axes 1 and 2 showing movement of a) one-year fallow potato
patch (F I) and b) two-year fallow potato patch (F2) seed banks through DCA ordination space with
time. Arrowheads indicate the direction of change of the sub-community from one sampling date to the
next. SD = units of average standard deviations of species turnover.
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ure 5.3 (continued) Plot of sample scores on axes 1 and 2 showing movement of c) three-ye;
low potato patch (F3) and d) four-year fallow potato patch (F4) seed banks through DCA ordinatk
ce with time. Arrowheads indicate the direction of change of the sub-community from one samplir
te to the next. SD = units of average standard deviations of species turnover.
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ure 5.3 (continued) Plot of sample scores on axes 1 and 2 showing movement of e) unplough
Lssland (UP) and three-year fallow grassland (3F) seed banks through DCA ordination space wi
e. Arrowheads indicate the direction of change of the sub-community from one sampling date to ti
t. SD = units of average standard deviations of species turnover.
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ure 5.3 (continued) Plot of sample scores on axes 1 and 2 showing movement of g) foredui
issland (FD) and h) dune slack (Slack) seed banks through DCA ordination space with tim
rowheads indicate the direction of change of the sub-community from one sampling date to the ne
= units of average standard deviations of species turnover.
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followed by a negative movement from right to left through ordination space (Figures 5.3c,
5.3e and 5.3f). The F2 and F4 potato patches, in addition to the FD grassland sub-
community, all showed vertical movement through ordination space (Figures 5.3b, 5.3d
and 5.3g). The dune slack was the only sub-community to show a unidirectional horizontal
shift through ordination space from July 1996 to July 1997 (Figure 5.3h).
5.4.1.3 Interpretation of TWINSPAN output
TWINSPAN identified six species assemblages characteristic of the seed banks of the
South Uist machairs (Table 5.4). The ordination diagram resulting from DCA is
reproduced in Figure 5.4 with TW1NSPAN group membership (Groups 1-4) of each
sample superimposed. The ordination was first run with TWINSPAN Groups 5 and 6
included, but these groups comprised a group of outlying quadrats with high loadings on
Axis 1, which resulted in a distortion of the overall ordination diagram. The DCA
procedure was, therefore, re-run with quadrats representing TWINSPAN Groups 5 and 6
removed: this produced the ordination diagram presented in Figure 5.4. The corresponding
species ordination plot derived from DCA is shown in Figure 5.5.
Group 1 (2 samples)
These two samples, characterized by moderate constancies of F. rubra, Veronica arvensis
and Geranium molle (Table 5.4), were taken from the Fl potato patch and the FD grassland
during September 1995 and April 1997, respectively. The importance of V. arvensis and
G. molle as diagnostic species is reflected by the distribution of Group 1 samples as a pair
of relatively widespread points to the right of the sample ordination (Figures 5.4, 5.5).
191
Group	 Number	 Characterizing species
of samples
% constancy
by group
(^50%
constant)
50
50
50
100
1	 2
	
Festuca rubra
Veronica arvensis
Geranium molle
2	 14
	
Agroslis stolonifera
3
	
5	 Agrostis stolonifera	 100
4
	
6	 Arenaria serpyllifolia	 83
Ranunculus acris	 50
5
	
3	 Prune/la vu/garis	 100
Table 5.4 Summary of plant species assemblages produced by TWINSPAN analysis of
all 32 soil seed bank samples taken from Kildonan and Drimsdale machairs during the
period September 1995-September 1997.
Associated species (>1% and <50%
constant by group)
Festuca rubra
Sonchus asper
Poa pratensis
Planlago lanceolata
Myosotis arvensis
Erodium cicularium
Ste/lana media
Geranium molle
Viola tricolor
Ranunculus acnis
Seneciojacobaea
Sagina procumbens
Hordeum sp.
Agrostis stolonifera
Ste/lana media
Viola tricolor
Papaver rhoeas
Agrostis slo/onifena
Chenopodium album
Arctium minus
Achil/ea millefolium
6	 2	 Cardamine pralensis 	 50
Be/Its perennzs	 50
Group 2 (14 samples)
Group 2 largely represents the species assemblages of the seed banks of the Kildonan
potato patch chronosequence over all sampling dates. Dominated by a 100% constancy of
A. stolonfera, Group 2 is further typified by the presence of a variety of associated species
including a number of machair ruderals, for example S. asper, Myosotis arvensis, S. media
and Erodium cicutarium (Table 5.4). This fact is reflected by the occurrence of Group 2 as
a vertically-distributed set of points towards the centre of the sample ordination plot
(Figures 5.4, 5.5).
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Group 3 (5 samples)
The five seed bank samples comprising TWINSPAN Group 3 were taken from the UP
grassland, the 3F grassland, the FD grassland and the dune slack on various sampling dates
during 1997. Agrostis stolonfera dominates with 100% constancy whilst Senecio
jacobaea, S. procumbens and Hordeum sp. are associated species (Table 5.4). The
heterogeneity of samples included in Group 3 is reflected by the widespread positioning of
points on the sample ordination diagram (Figure 5.4).
Group 4 (6 samples)
Group 4 represents the seed banks of the UP and 3F grasslands sampled during July 1996
and 1997, in addition to single samples taken from the dune slack and F3 potato patch in
July 1996 and April 1997, respectively. Characterized by a high constancy of Arenaria
serpyll folia in addition to a moderate constancy of R. acris, Group 4 occurs as a
comparatively tight group of points at the extreme left-hand side of the ordination plot
(Figures 5.4, 5.5).
Group 5 (3 samples)
Group 5 contains seed bank samples taken from the F3 potato patch and from the FD and
UP grasslands. Prunella vulgaris is a constant whilst A. stolonfera, Chenopodium album
L., Arctium minus and A. millefolium are associates (Table 5.4). Group 5 comprised
samples which held an extreme position on Axis 1. Group 5 is not, therefore, represented
on Figure 5.4.
Group 6 (2 samples)
Characterized by moderate constancies of Cardamine pratensis and Bellis perennis (Table
5.4), Group 6 represents the FD grassland and dune slack seed bank samples taken during
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September 1997. These two samples held extreme positions on the first ordination axis
and Group 6 is not, therefore, represented on Figure 5.4.
5.4.2 Seed rain
5.4.2.1 Qualitative and quantitative composition of machair seed rain
The qualitative and quantitative properties of the seed populations trapped within the eight
machair sub-communities over the three sampling periods are shown in Table 5.5.
Germinable seeds of a total of 28 species were recovered from the seed rain traps over all
three sampling periods. Of these 28 species, 22 were dicotyledons, 4 were grasses and 2
were rushes. The majority of seeds recovered were from perennial species (Table 5.5).
Seed inputs varied in total numbers and floristic composition between different machair
sub-communities. Total seed inputs were generally greatest in the agriculturally-disturbed
machair sub-communities (Table 5.5): numbers of trapped seed were highest in the F2
potato patch (24 seeds m 2). Seed inputs to the F4 potato patch, the UP grassland and the
FD grassland sub-communities shared an identical input of 3 seeds m 2. The lowest seed
input was recorded from the dune slack habitat (2 seeds m2).
In terms of species composition, the F3 potato patch and the 3F grassland were the most
diverse (22 and 18 species recorded over all sampling dates, respectively). Seed inputs to
the dune slack were the least diverse (6 species recorded over all sampling dates).
No one single species was recorded in the seed rain of all eight investigated sub-
communities. However, seeds of Ranunculus acris, Seneciojacobaea, Stellaria media and
Poa pratensis were recovered from traps installed in seven of the eight sub-communities
(Table 5.5). The greatest number of germinable seeds of a single species was 12 seeds m2
of Cerastiumfontanum, recovered from the F2 potato patch (Table 5.5). Numbers of seeds
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of C. fontanum, R. acris and Viola tricolor, for example, were typically greater in
cultivated than in non-cultivated machair sub-communities (Table 5.5). In contrast, seeds
of Sagina procumbens and Agrostis stolonjfera, for example, were more numerous in non-
agricultural habitats (UP grassland and dune slack) than in agricultural areas (Table 5.5).
Table 5.5 Composition of the seed rain, averaged over all sampling occurrences during July 1996-
July 1997, in eight machair plant sub-communities. Where: KD = Kildonan; D =Drimsdale; Fl = one-
year fallow potato patch; F2 = two-year fallow potato patch; F3 = three-year fallow potato patch; P4
four-year fallow potato patch; UP = unpioughed grassland; 3F = three-year fallow grassland; Slack =
dune slack; FD = foredune grassland. A = Annual, P = Perennial. t to nearest whole number.
SPECIES	 STRATEGY	 NUMBER OF GERMINABLE SEEDS m 2 SOIL
SUB-COMMUNITY
KD lCD KD KD
	 D	 D	 lCD lCD
Fl	 F2	 F3	 F4	 UP	 3F	 Slack	 FD
DICOTYLEDONS
Anchusaarvens,s	 A	 0-I	 01	 0	 0	 0	 003	 0	 0
Arenariaserpyllifolia 	 A	 0	 035	 02	 0-3	 01	 007	 0	 0
Atriplexprostrata	 A	 0	 0	 003	 0	 004	 0	 0	 0
Bellisperennis	 P	 0-5	 0	 07	 07	 0	 16	 0	 01
Cardaminepratensis	 p	 0	 0	 003	 0	 0	 0	 0	 0
Cerashumfontanum	 P	 0	 12	 55	 05	 01	 09	 0	 025
Chamerion angustifolium	 P	 0-04	 0	 0	 0	 0	 0	 0	 0
Cirsium arvense	 p	 0	 0	 0	 0	 0	 0-03	 0	 0
Erodium cicutanum	 A	 115	 025	 2	 0	 0	 0	 ()	 0
Geranium molle	 A	 0	 035	 0-25	 0	 0	 0	 0	 0
Myosotis arvensis	 A	 0•9	 0	 0-03	 0	 0	 0	 0	 004
Planiagolanceolasa	 p	 0	 01	 0	 003	 0	 003	 0	 01
Prunella vulgaras	 p	 0	 0	 01	 02	 03	 01	 015	 01
Ranunculus acris	 p	 0 6	 3	 13	 1	 0-1	 050	 0	 01
Rumex crispus	 p	 0	 0	 0-03	 0	 0	 005	 0	 0
Saginaprocumbens	 P	 0	 0	 003	 007	 004	 01	 1-25	 0
Sedum anglicum	 P	 0	 0	 0	 0	 0	 0	 0-1	 0
Seneciojacobaea	 P	 0-I	 3	 12	 0	 01	 02	 01	 1
Siellaria media	 A	 425	 0-6	 0-1	 01	 05	 0-5	 0	 0•35
Trifolium repens
	 P	 0-08	 0	 002	 0	 0	 0	 0	 0
Veronica arvensis	 A	 0	 03	 06	 003	 01	 05	 0	 0
Viola tricolor	 AlP	 07	 065	 03	 0-06	 0	 0-03	 0	 004
Total dicots	 842	 234	 12-42	 2-99	 1-38	 4-64	 1-6	 208
GRAMINEAE
Agros:iss:olon,fera	 P	 008	 0	 002	 0	 015	 01	 015	 004
Festuca rubra	 P	 o	 01	 0-1	 0-05	 02	 07	 0	 04
Holcus lanai us	 P	 01	 0	 007	 007	 025	 0	 0	 0
Poapralensis	 P	 01	 02	 I	 02	 0-2	 0-03	 0	 0-3
Total grasses	 0-28	 0-3	 2-09	 032	 08	 083	 015	 074
JIJNCACEAE
Juncus articulatus	 P	 0	 0	 0	 0	 0	 0	 0-15	 0
Luzula campesiris	 P	 0	 0	 02	 003	 0-75	 02	 0	 0
Total rushes	 0	 0	 0-2	 0-03	 075	 0-2	 015	 0
TOTAL NUMBER OF	 9	 24	 15	 3	 3	 6	 2	 3
SEEDS (averaged over
all sampling dates)t
TOTAL NUMBER OF
	
13	 13	 22	 14	 14	 18	 6	 11
SPECIES (recorded over
all sampling dates)
196
5.4.2.2 Interpretation of DCA output
Fhe ordination diagram produced as a result of 1)etrended Correspondence Analysis of the
seed rain data is presented in Figure 5.6. Seed rain traps installed during April 1997 are
largely situated lefI-ol'-centre of the ordination, whilst traps installed during July 1997 are
confined to a relatively tight group on the right-hand side of the ordination (Figure 5.6).
Fraps installed during July 1996 are situated between the April and July 1997 samples
(l : igurc 5.6). A temporal gradient clearly operates along Axis I of the sample ordination
diagram.
SD
40
ri	 34)
z
24)
1•0
(10
	
•FI	 I
•F2 IAr3 fI
	JP 	 I
Fl
lack
0
04)	 14)	 4)	 31)	 40 SD
Axis I
Figure 5.6 Sample ordination diagram deried from Detrended Correspondence Analysis of all 19 seed rain
samples taken at Kildonan and Drimsdale. 1996 and 1997. Where: Fl = one-year fallow potato patch: F2 =
two-year titllow potato patch: F3 three-year fallow potato patch: F4 four-year fallow potato patch: UP =
unpioughed grassland: 31: three-year fallow grassland: Slack = dune slack: FD = foredune grassland. Blue
traps installed July 1996: red traps installed April 1997: green traps installed July 1997. SD = units of
aeragc standard deiations of species turnover. Eigena1ues: Axis I 0760. Axis 2 = 0394.
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Temporal changes in the species composition of the seed rain data were further
investigated as described in Section 5.4.1.2 (Figure 5.7). Changes in the positions of sites
within DCA ordination space were interpreted on the basis that a site showing an overall
shift to the right, and hence a positive movement in Axis 1, was showing a shift in seed
rain composition from that characterizing the months April-July to that characterizing the
months July-September. With the exception of the F3 and F4 potato patches, and of the
UP grassland, all of the investigated sub-communities showed a positive movement in Axis
I and hence shifted from left to right on the ordination diagram (Figures 5.7a-e). The F3
and F4 potato patches exhibited a negative shift to the left from July 1996 to April 1997,
followed by a positive shift to the right-hand side of the ordination from April 1997 to July
1997 (Figures 5.7f and 5.7g). The UP grassland was the only vegetation type to show a
negative movement in Axis 1 and exhibited an overall shift to the left of the ordination
(Figure 5.7h).
In order to quantify the gross change in species composition of the seed rain samples, an
index of change was calculated for each sub-community by measuring the length of the line
connecting sample points at successive sampling dates. For a more ecologically-
meaningful index, distances in centimetres were converted into SD (standard deviations of
species turnover) units (Hill, 1979a). Hill (1979a, p.8) states that:
"To a good approximation, 4O sd corresponds to the distance over which a species appears,
rises to its mode, and disappears again. Thus 1 sd may be thought of as about a quarter of a
species turnover. Samples with separation greater than 40 sd will in general have no
species in common."
Calculated values are presented in Table 5.6.
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Sub-
commun
KD Fl
KD F2
KDF3
KD F4
D UP
D3F
KD Slack
KD FD
Table 5.6 Change in species composition of seed rain inputs to eight different
machair sub-communities over successive sampling dates during the period July
1996-July 1997. Where: KD = Kildonan; D = Drimsdale; Fl = one-year fallow
potato patch; F2 = two-year fallow potato patch; F3 = three-year fallow potato
patch; F4 = four-year fallow potato patch; UP = unploughed grassland; 3F =
three-year fallow grassland; Slack = dune slack; FD = foredune grassland. SD
units refer to average standard deviations of species turnover.
Time period (traps installed)/Index of change (SD units)
July 1996 - April 1997	 April 1997 - July 1997
-	 l67
-	 296
l33	 274
130	 144
-	 O74
O52	 O89
-	 O37
-	 2l5
The greatest changes in species composition of seed rain inputs were recorded from the F2
and F3 potato patches during the period April 1997-July 1997 (296 and 274 SD units,
respectively) (Table 5.6). Seed rain inputs to the dune slack sub-community showed the
least change in species composition (O37 SD units) (Table 5.6). In those sub-communities
in which seed traps were installed on three different occasions, i.e. F3 and F4 potato
patches and the 3F grassland, changes in species composition of the seed rain were greater
between April 1997 and July 1997 than between July 1996 and April 1997 (Table 5.6).
The temporal shifts in species composition illustrated in Figure 5.7 were further examined
by plotting the distribution and raw abundance values of the seeds of selected species
present in the seed rain (Figure 5.8). Although distributed across the length of the first
ordination axis, the greatest abundances of Bellis perennis (Figure 5.8a), C. fontanum
(Figure 5.8b) and Veronica arvensis (Figure 5.8c) were concentrated at the left-hand side of
the ordination plot. Similarly distributed across the length of Axis 1, the largest numbers
of seeds of R. acris (Figure 5.8d), Festuca rubra (Figure 5.8e), Prunella vulgaris (Figure
5.81) and P. pratensis (Figure 5.8g) occurred on the right-hand side of the ordination plot.
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However, the distribution of seeds of S. media (Figure 5.8h), A. stolonfera (Figure 5.8i),
Holcus lanatus (Figure 5.8j), Luzula campestris (L.) DC. (Figure 5.8k) and S. jacobaea
(Figure 5.81) was restricted to the right-hand side of the ordination.
5.4.2.3 Interpretation of TW1NSPAN output
TWINSPAN identified four species assemblages characteristic of seed inputs into the eight
investigated machair sub-communities (Table 5.7). The ordination diagram resulting from
DCA is reproduced in Figure 5.9 with TWINSPAN group membership (Groups 1-4) of
each seed rain sample superimposed. The corresponding species ordination diagram
derived from DCA is presented in Figure 5.10.
Group 1 (4 samples)
Seed rain samples in TWINSPAN Group 1 were taken from traps installed in the 3F
grassland during July 1996 and April 1997, and from traps installed in the F4 potato patch
and FD grassland during July 1996 and April 1997, respectively. Characterized by a 100%
constancy of B. perennis and C. fontanum with moderate to high constancies of V.
arvensis, P. vulgaris and R. acris (Table 5.7), Group 1 is distributed as a horizontal set of
points from Axis 2 to the centre of Axis 1 on the sample ordination diagram (Figure 5.9,
Figure 5.10).
Group 2 (4 samples)
Seed inputs to traps installed in the F2, F3 and F4 potato patches during April 1997, in
addition to inputs to traps installed in the F3 potato patch during July 1996, are represented
by Group 2. Viola tricolor, C. fontanum and Arenaria serpyllfolia all achieve 100%
constancy (Table 5.7). Common associates in this group include ruderal species such as
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Rumex crispus, Anchusa arvensis, Chenopodium album and S. media, reflecting the
agricultural nature of the surrounding habitat. The occurrence of C. album in this group is
reflected by the distribution of Group 2 slightly above Group 1 on the sample ordination
diagram (Figures 5.9, 5.10).
Table 5.7 Summary of plant species assemblages produced by TWINSPAN analysis of all
19 seed rain samples taken from Kildonan and Drimsdale machairs during the period July
1996-July 1997.
Group	 Number	 Characterizing species	 % constancy	 Associated species (>25% and <50%
of samples	 by group	 constant by group)
(^50%
constant)
4	 Be//is perennis	 100	 Rumex crispus
Cera.siiumfontanum	 100	 Cirsium arvense
Ranuncu/us acris 	 75	 Anchusa arvensis
Veronica arvensis	 50
Prunella vu/garis	 50
100
	
Anchusa arvensis
100
	
Rumex crispus
100
	
Chenopodium album
75
	
Ranuncu/us acris
75
	
Stel/aria media
75
	
Sagina procumbens
50
50
50
50
50
	
Viola tricolor
50
	
Trifo/,um repens
50
	
Chamerion angustfolium
50
	 Juncus articu/atus
Sedum anglicum
100
	
Veronica arvensis
100
	
Myosotis arvensis
100
	
Sagina procumbens
86
	
Erodium cicutarium
86
	
Trifolium repens
86
71
71
71
57
57
57
57
57
2	 4	 Viola tricolor
Cerastiumfonianwn
Arenaria serpyllzjo/ia
Veronica arvensis
Poa pratensis
Festuca rubra
Geranium molle
Be//is perennis
Erod:um cicutarium
Prune/la vu/garis
3	 4	 Seneciojacobaea
Prune/la vu/garis
Sagina procumbens
Agrostis slo/onzfera
4
	
7	 Poa pratensis
Ranunculus acris
Ste//aria media
Cerastiumfontanum
Festuca rubra
Seneciojacobaea
Viola tricolor
Prune/la vulgaris
Agrostis slolonifera
Bellis perenn:s
Arenaria serpyl/ifolia
Holcus lanatus
Luzu/a campesiris
P/antago lanceolata
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Group 3 (4 samples)
Samples comprising Group 3 are characterized by moderate constancies of S. jacobaea, P.
vulgaris, S. procumbens and A. sto1onfera (Table 5.7). Representing seed inputs to traps
installed in the slack sub-community during April and July 1997, and also to traps installed
in the Fl potato patch and UP grassland during April 1997, Group 3 occurs as a widespread
set of points to the right of Groups 1 and 2 on the ordination diagram (Figure 5.9). The
inclusion of the dune slack samples accounts for the occurrence of Juncus articulatus as an
associated species in this group (Table 5.7).
Group 4 (7 samples)
Group 4 represents seed inputs to traps installed in seven of the eight investigated sub-
communities during July 1997 and occurs as a relatively tight set of points toward the
right-hand side of the sample ordination diagram (Figure 5.9). This pattern of distribution
is largely explained by the diagnostic presence of P. pratensis, R. acris and S. media (Table
5.7, Figure 5.10). Cerastium fontanum, F. rubra and S. jacobaea also achieve high
constancies in Group 4 (Table 5.7).
5.5 DISCUSSION
5.5.1 Seed bank dynamics
There is a deficit of data on the characteristics of the buried soil seed banks of coastal sand
dune systems. Although the potential for seed bank formation has been described, for
example, in Honckenya peploides (Houle, 1996), Elymus mollis (Houle, 1996), Vulpia
fasciculata (Forssk.) Fritsch (Pemadasa and Lovell, 1974a; Watkinson, 1978a), Cerastium
djffusum (atrovirens) (Pemadasa and Love!!, 1974a; Mack, 1976), Lithospermum
caroliniense (Walt.) MacMill. (Westelaken and Maun, 1985) and in Aira caryophyllea L.,
Aira praecox L., Erophila verna and Mibora minima (L.) Desv. (Pemadasa and Lovell,
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1 974a), no general accounts of soil seed bank composition in dune habitats exist.
Comparisons of the qualitative and quantitative composition of machair seed banks with
the seed banks of other coastal dune systems are not, therefore, possible. However,
comparisons of the seed bank data from cultivated and grassland machair areas, with
published accounts of seed banks in other agricultural and grassland habitats, indicate that
the densities of seeds in machair seed banks are very low (Table 5.8).
Table 5.8 Comparative estimates of buried soil seed bank densities from the literature
Location	 Vegetation type	 Number of species	 Number of	 Reference
germinable seeds m2
GRASSLANDS
Wales	 Acid grassland	 18	 11,312	 Chippendale
and	 Milton
(1934)
Japan	 Zoysia grassland	 19	 23,430	 Hayashi and
Numata (1975)
England	 Grazed grassland	 24	 1329	 Donelan and
Thompson
(1980)
England	 Ungrazed grassland	 28	 377	 Donelan and
Thompson
(1980)
Missouri	 Tall-grass prairie	 24	 6470	 Rabmowitz
(198 1)
Kansas	 Tall-grass prairie	 11	 793	 Schott	 and
Hamburg
(1997)
South	 Unploughed machair 	 19	 12	 This study
Uist	 grassland
South	 Foredune grassland	 19	 7	 This study
Uist
CULTIVATED LAND
England	 Arable field
South
	
Arable field
Uist
England
	
Vegetable plot
England
	
Vegetable plot
South
	
One-year fallow
Uist	 potato patch
South
	
Two-year fallow
Uist	 potato patch
South
	
Three-year fallow
Uist	 potato patch
South
	
Four-year fallow
Uist	 potato patch
23
	
468
	
Donelari and
Thompson
(1980)
12
	
58	 This study
Not stated
	
13 86-3240
	
Roberts (1968)
76
	
250-24,330
	
Roberts	 and
Neilson (1982)
23
	
44
	
This study
23
	
34
	
This study
27
	
54
	
This study
20
	
22
	
This study
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The greatest numbers of viable seeds recorded during the course of this investigation were
recovered from areas of the machair subject to agricultural disturbance. The higher
densities of seeds characterizing these cultivated machair areas can be attributed to the fact
that temporally unpredictable disturbances, such as agriculture, result in the selection for
species with persistent seed banks (Grime, 1979). Accordingly, the seed banks of the
Kildonan potato patches (F1-F4); of the land ploughed, seeded and cropped in 1995 (P);
and of the three-year fallow grassland at Drimsdale (3F) were dominated by species with
Type III and Type IV seed banks (sensu Thompson and Grime, 1979).
Studies by Mack (1976) and Watkinson (1978a) showed that C. dffusum and V. fasciculata
accumulate little or no seed in the form of a soil seed bank. Harper (1977) indicated that
the entire viable annual seed production of these two dune species germinates in late
summer or early autumn. Watkinson et a!. (1979, p.1 03) attributed this lack of a persistent
seed bank to the fact that sand dunes "offer stable, reliable, safe habitats". Areas suitable
for colonization are always close at hand and there is a high probability of successful
reproduction (Watkinson and Davy, 1985). The need for large long-lived seed banks is
negated. The less well-developed seed banks of the non-cultivated machair areas, namely
the dune slack, foredune (FD) grassland and unploughed (UP) grassland, may, therefore, be
partly attributable to the proximity of suitable sites for colonization and establishment in
these three dune habitats. In addition, it is likely that the machair sands themselves do not
provide a suitable medium for the development of prolonged dormancy in buried seeds.
The greatest numbers of buried viable seeds are found in naturally compacted, poorly
aerated soils characterized by decreased oxygen concentrations and increased carbon
dioxide concentrations (Crawford, 1989). Carbon dioxide is a powerful inhibitor of seed
germination (Roberts, 1972; Murdoch and Ellis, 1992; Bewley and Black, 1994), whilst
anoxic conditions are believed to reduce peroxidation damage to lipids in the seed
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membrane, increasing viability of buried seed (Bewley and Black, 1994). However, in the
machair and in sand dunes in general, the soils are well aerated and the processes of soil
respiration will contribute little to the build-up of high concentrations of carbon dioxide,
resulting in less favourable conditions for the induction of dormancy and the formation of a
store of buried viable seeds.
Although the results of the present investigation give an approximation of the relative
abundance of species in the machair seed banks, the numbers of seeds recovered are not
absolute and the possibility that sampling or other methodological error contributed to the
overall low estimate of seed densities in machair seed banks should not be discounted. In
particular, although the seedling emergence technique is a well-established method of
estimating the number of viable seeds in a sample (Roberts, 1981), favourable conditions
for germination of all species present in the soil are rarely completely met in the glasshouse
environment (Simpson et a!., 1989; Gross, 1990). Seed germination patterns are often
sensitive to light, oxygen availability, fluctuating temperatures, soil texture and other
factors and the seeds of some species may also possess prolonged dormancy which may be
difficult to break (Baskin and Baskin, 1989; Murdoch and Ellis, 1992; Bewley and Black,
1994). Furthermore, some seeds which are viable in the field may die before germination
in the glasshouse and thus be excluded from any estimation of the size of the viable seed
bank. A combination of these factors may have led to an underestimation of the size of the
viable seed bank.
In terms of temporal variability within the machair seed banks, Detrended Correspondence
Analysis revealed no clear time-based patterns, indicating that seed banks of the machair
remain relatively static from one season to the next. Shifts in species composition within
sub-communities from one sampling date to the next, were random and somewhat chaotic
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and are probably a reflection of the sampling technique employed and of the patchy spatial
distribution inherent to buried soil seed banks (e.g. Thompson, 1986). Although
TW1NSPAN analysis identified different assemblages of species within the machair seed
banks, it was not possible, with the single exception of the Kildonan potato patch seed
banks, to characterize any machair sub-community by an assemblage of species in its seed
bank.
The uniformity and lack of specificity of machair seed banks may be due to past
cultivational practices which have resulted in a large degree of similitude between the
buried seed banks of different machair sub-communities. In contrast, the specificity of the
potato patch seed banks, as compared to other areas of the machair system, may be
attributable to the relative importance of ruderal species in the former. In turn, the
prevalence of ruderal species in the potato patches as compared, for example, to the area of
newly-ploughed, seeded and cropped arable land at Drimsdale, may be ascribed to the
differing methods of cultivation employed in the course of potato and of cereal production.
Lazy-bedding for the production of potatoes typically destroys all surface vegetation so that
re-growth by vegetative means is not possible and the adoption of a permanent soil seed
bank is the most successful and efficient strategy. In contrast, the shallow ploughing
methods employed on the machair result in the surface vegetation merely being turned over
so that the vegetation remains relatively intact. Vegetative re-colonization of the bare sand
surface is a more common strategy in these areas (Chapter 4).
5.5.2 Seed rain dynamics
With the exception of studies such as those of Watkinson (1978b) and Westelaken and
Maun (1985) which described the seed dispersal patterns of Vulpia fasciculata and
Lithospermum caroliniense, respectively, seed rain in coastal dune habitats has not been
217
well-studied. The results of this investigation indicated that the cultivated areas of the
Kildonan and Drimsdale machair systems experienced the greatest amount of seed rain.
This observation is probably due to the fact that the Kildonan potato patch chronosequence,
in particular, was characterized by a number of ruderal arable weeds, which are typically
prolific seed-producers (Grime, 1979). In contrast, the lower densities of seed rain
recorded from the non-cultivated machair areas may be due to the fact that dune species are
characteristically depauperate and typically produce few seeds (Watkinson and Harper,
1978; Packham and Willis, 1997).
Comparison of seed rain data from grassland habitats of the machair with published values
from other grassland ecosystems, indicates that the seed rain in machair sub-communities
is very low (Table 5.9).
Table 5.9 Comparative estimates of seed rain densities from the literature
Location	 Vegetation type	 Number of species	 Number of germinable	 Reference
seeds m2
Missouri	 Tall-grass prairie	 30	 19,726	 Rabinowitz and
Rapp (1980)
Missouri	 Tall-grass prairie	 32	 5640	 Rabinowitz
(1981)
Kansas	 Tall-grass prairie
	
25	 55,233	 Schott and
Hamburg (1997)
Kansas	 Unmanaged old field	 20	 8233	 Schott and
Hamburg (1997)
South Uist	 Unpioughed machair	 14	 3	 This study
grassland
South Uist	 Three-year fallow	 18
	
6	 This study
machair grassland
South Uist	 Foredune grassland
	
6
	
2	 This study
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Although low seed rain cannot be disputed as an inherent feature of machair communities,
several factors may have affected the precision and reliability of the seed rain data, leading
to an overall underestimation of the machair seed rain. During a study of the seed dispersal
dynamics of Honckenya peploides and Elymus mollis on the east coast of Hudson Bay in
northern Quebec, Houle (1996) proposed that seeds which were not stopped by obstacles
such as vegetation cover would be blown out of the dune system. It is highly likely,
therefore, that the exceptionally windy climate of the Outer Hebrides leads to many
dispersing seeds being blown out of the system. In addition, there are clear methodological
difficulties in designing and constructing a seed trap which will sample all species in a
community reliably and effectively: the type of trap employed during the course of an
investigation may greatly influence the result (Bakker et a!., 1996). Although 'dry' seed
traps such as the gravel design used during the machair seed rain studies are generally
considered more effective than 'wet' or 'sticky' traps (Fischer, 1987, cited in Bakker et a!.,
1996), it is possible that some trapped seed may have died, germinated and died, or been
consumed by granivorous insect predators prior to trap retrieval. Finally, it should be
emphasized that the total area of seed traps installed in the machair sub-communities
would not have been sufficiently large to accurately represent all qualitative and
quantitative aspects of the machair seed rain (e.g. Jackel and Poschlod, 1994, cited in
Bakker et a!., 1996). Seed rain densities presented here, therefore, serve only as a
representation of the major features of the machair seed rain budget.
Although machair seed rain measurements were not taken continuously throughout the year
and it is not, therefore, possible to describe the qualitative and quantitative fluctuations in
seed rain composition on an annual basis (cf. Keliman, 1974; Schott and Hamburg, 1997),
the traps were in place during the period in which seed production and dispersal, for the
majority of species, is typically most prolific. Detrended Correspondence Analysis
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indicated differences in the composition of the seed rain within the April-September period
during which traps were installed. These temporal differences in the seed rain can be
largely attributed to seasonal differences in the dispersal patterns of individual machair
species. Specifically, the seed rain of the period April-July was dominated by Bellis
perennis, Cerastium fontanum and Veronica arvensis, all of which shed seed before the
end of July (Grime et a!., 1988). In contrast, the seed rain characterizing the period July-
September was dominated by the species Prunella vulgaris, Agrostis stolonfera, Holcus
lanatus, Luzula campestris and Senecio jacobaea, which typically set seed during late
summer and early autumn (Grime et a!., 1988). Although Stellaria media, a common weed
species of cultivated machair, has the capacity to flower and set seed year round (Grime et
a!., 1988), dispersing seeds of this species were trapped only in the period July-September.
Stellaria media was found to be the most common element of the seed bank of ploughed
land (Section 5.4.1.2) and it is likely, therefore, that preparation of the machair for
cropping, which usually occurs in April or May (Hance, 1952), was integral in bringing
dormant seeds to the surface. Seeds of S. media stimulated to germinate in this way are
assumed to have established, flowered and set seed in the subsequent months, ultimately
resulting in a conspicuous contribution to the seed rain of July-September.
In terms of gross change in seed rain composition over the period April-September, the
greatest temporal shifts were recorded from the P2 and F3 potato patches. This suggests
that the vegetation, and consequently the seed rain, of the F2 and F3 potato patches is more
changeable through time than that of other machair sub-communities investigated. The
dune slack at Drimsdale showed the least change in the composition of the seed rain during
this period, indicating that the slack seed rain is characteristically less changeable with time
than the seed rain of other machair sub-communities.
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5.5.3 Seed bank and seed rain compared
Comparisons of the species compositions of the buried soil seed banks and the seed rain
within any one machair sub-community were achieved as described by Rabinowitz (1981).
The most abundant species in the seed bank were ranked 1-10 and compared with the most
abundant species in the seed rain, also ranked in order from 1-10 (Table 5.10).
Within any one machair sub-community, there was considerable disparity between the
species composition of the seed bank and of the seed rain. This observation agrees with
previous studies, including those of Major and Pyott (1966), Rabinowitz and Rapp (1980)
and Rabinowitz (1981), which remarked on discrepancies between above- and below-
ground seed populations. In this investigation, some species which were abundant
elements of the soil seed bank flora did not appear at all in the seed rain, whilst some
common components of the seed rain were not present in the corresponding buried seed
bank (Table 5.10). For example, B. perennis was the most abundant species recorded from
the UP grassland seed bank at Drimsdale but was completely absent from the
corresponding seed rain (Table 5.10). Within the same UP grassland vegetation, L.
campestris was the most abundant element of the seed tam. This species 'as not recotheà
in the corresponding buried soil seed bank (Table 5.10).
Most convincingly for the dune slack sub-community, a greater number of species were
present in the seed bank but absent from the seed rain, than species present in the seed rain
but absent from the seed bank (Table 5.10). Thus, in the dune slack, the species
composition of the seed rain resembled that of the seed bank more closely than the
composition of the bank resembled that of the rain. A similar pattern was chronicled by
Rabinowitz (1981), who reported that most species present in the seed rain of a North
American tall-grass prairie were also present in the buried soil seed bank. However, a
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Table 5.10 Comparison of the composition of the machair seed banks (B) and seed rain (R). Where:
KD = Kildonan; D = Drimsdale; Fl = one-year fallow potato patch; F2 two-year fallow potato patch;
F3 = three-year fallow potato patch; F4 = four-year fallow potato patch; UP = unpioughed grassland; 3F
= three-year fallow grassland; Slack = dune slack; FD = foredune grassland.
SPECIES	 SUB-COMMUNITY/RANK IN SEED BANK (B) AND SEED RAIN (R)
	
KD Fl lCD F2 KD F3 KD F4 D UP D 3F	 KD KD FD
Slack
B RB RB RB RB RB RB RB R
Ste/lana media
	 1	 1	 2	 5	 4	 -	 -	 7	 10 2	 10 4	 -	 -	 6	 3
Cerastiumfonianum	 2	 -	 1	 1	 1	 1	 1	 3	 2	 6	 1	 2	 9	 -	 3	 5
Agrostis stolonfera	 3	 -	 2	 -	 3	 10 4	 -	 -	 -	 -	 9	 4	 2	 10 10
Myosolis arvensis	 4	 3	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 10
Viola tricolor	 4	 4	 9	 4	 7	 8	 8	 10	 -	 -	 8	 -	 -	 -	 10 10
Ranunculus acris	 6	 5	 5	 2	 6	 3	 1	 1	 4	 6	 5	 4	 2	 -	 1	 6
Erodium cicularium	 7	 2	 10 9 10 2	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -
Festucarubra	 8	 -	 6	 -	 -	 -	 1	 -	 3	 5	 7	 3	 4	 -	 5	 2
Cerastium dffusum	 9	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -
Bellisperennis	 10 6	 4	 -	 5	 6	 6	 2	 1	 -	 3	 1	 -	 -	 4	 6
Anchusa arvensis	 -	 7	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -
Seneciojacobaea	 -	 7	 -	 2	 -	 4	 8	 -	 6	 6 10 7	 -	 5	 6	 1
Holcus lanatus	 -	 7	 -	 -	 -	 -	 -	 8	 -	 4	 -	 -	 -	 -	 -	 -
Poa pratensis	 -	 7	 -	 0 -	 S	 -	 5	 -	 5	 10 -	 -	 -	 -	 4
Prunella vulgaris	 -	 -	 7	 -	 2	 -	 6	 5	 5	 3	 4	 9	 6	 2	 2	 6
Arenaria serpyl4folia 	 -	 -	 8	 6	 -	
-	 5	 4	 6	 6	 2	 -	 -	 - 10 -
Geranium molle	 -	 -	 -	 7	 -	 9	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -
Veronica arvensis	 -	 -	 -	 8	 9	 7	 -	 -	 -	 6	 9	 4	 -	 -	 -	 -
Chenopodium album	 -	 -	 -	
-	 8	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -
Saginaprocumbens	 -	 -	 -	 -	 -	 -	
-	 8	 -	 -	 -	 9	 3	 t	 -	 -
Sonchusasper	 -	 -	 -	 -	 -	 -	 -	
-	 8	 -	 -	 -	 9	 -	 10 -
Luzula campesinis	 -	 -	 -	 -	 -	 -	 -	 -	
-	 1	 -	 7	 -	 -	 -	 -
Papaverrhoeas	 -	 -	 -	 -	 -	 -	 -	 -	 -	
-	 5	 -	 -	 -	 -	 -
Juncus anticulatus	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	
-	 1	 4	 -	 -
Cardamine pratensis 	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	
-	 6	 -	 -	 -
Epilobiumpalustre	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	
-	 8	 -	 -	 -
Sedumanglicum	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 5	 -	 -
Cirsium arvense	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 8	 -
Plantago lanceolata	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	 8	 6
Sinapisarvensis	 -	 -	 -	 -	 -	 -	 -	 -	 9	 -	 -	 -	 -	 -	 -	 -
SPECIES PRESENT	 4	 4	 3	 3	 3	 4	 6	 3
IN SEED BANK BUT
ABSENT FROM
SEED RAIN
SPECIES PRESENT	 4	 4	 3	 4	 4	 3	 2	 2
IN SEED RAIN BUT
ABSENT FROM
SEED BANK
TOTAL NUMBER	 14	 14	 13	 13	 14	 15	 12	 15
OF SPECIES
RECORDED FROM
SEED BANK AND
SEED RAIN
number of species which were common elements in the prairie seed bank were absent from
the seed rain (Rabinowitz, 1981). Rabinowitz (1981) maintained that species common in
the seed bank but not in the seed rain might be expected to possess long-lived seeds with
the capacity to accumulate in the soil. In contrast, those species with a number of
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occurrences in the seed rain but absent from the seed bank would be expected to possess
more transient, short-lived propagules (Rabinowitz, 1981). However, these statements do
not appear to represent accurately the situation in the Hebridean machairs (Table 5.10).
For example, B. perennis was abundant in the seed bank of the UP grassland but was
completely absent from the corresponding seed rain. Contrary to the findings of
Rabinowitz (1981), this species is characterized by a Type I transient seed bank (Thompson
and Grime, 1979). Luzula campestris was a common element of the seed rain of the UP
sub-community, but was absent from the seed bank. However, L. campestris is not, as
suggested by the findings of Rabinowitz (1981), characterized by transient seeds, but is
characterized by propagules forming a Type IV persistent seed bank (Thompson and
Grime, 1979). These discrepancies may be attributed to the possibility that species present
in the seed bank but not in the seed rain were characterized by a seed rain which was too
sparse to monitor effectively.
Previous comparisons of buried seed banks with the composition of dispersing seeds have
indicated that the numbers of germinable seeds in the seed rain are typically greater than in
the seed bank (see, for example, Rabinowitz and Rapp, 1980; Rabinowitz, 1981; Schott
and Hamburg, 1997). However, within any one machair sub-community, the seed bank
was consistently more dense (in terms of the numbers of germinable seeds recovered m2)
and more species-rich (in terms of numbers of species recovered over all sampling dates)
than the seed rain population (Table 5.11). This result may be partly attributable to the
historical ecology of the Hebridean machairs as it is assumed that, at some point in time,
the greater part of the Kildonan and Drimsdale machair systems have been subject to
cultivation. It is possible, therefore, that the density and diversity of buried seeds compared
to that of dispersing propagules is directly attributable to the presence of relic soil seed
banks, created during periods of past agricultural interference.
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Table 5.11 Comparison of the characteristics of the seed bank and seed rain of eight machair sub-
communities. Where: KD = Kildonan; D = Drimsdale; Fl one-year fallow potato patch; P2 = two-
year fallow potato patch; P3 = three-year fallow potato patch; P4 = four-year fallow potato patch; UP =
unploughed grassland; 3F = three-year fallow grassland; Slack = dune slack; FD = foredune grassland.
Sub-community
KD Fl
KD F2
KD F3
KDF4
D 3P
D UP
KD Slack
KD FD
Total number of seeds
veraged over all sampling dates
Seed bank	 Seed rain
Total number of species
recorded over all sampling c
Seed bank
	
Seed rain
44
	
9
	
23
	
13
34
	
24
	
23
	
13
54	 15
	
27
	
22
22
	
3
	
20
	
14
12
	
3
	
19
	
14
34
	
6
	
22
	
18
18
	
2
	
15
	
6
7
	
3
	
19
	
11
In terms of the potential role of the seed bank and seed rain in the recovery of machair sub-
communities following disturbance, both seed bank and seed rain are apparently very poor
sources of colonizing propagules. The dearth of seed material within the machair systems
of South Uist must be assumed to be due to the fact that the machair is an ecosystem which
is dominated by perennial life-forms. The majority of seeds captured during the seed rain
survey were from perennial species (Table 5.5). However, the few annual species which
contributed seed to the seed rain consistently contributed more germinable seed m 2 than
perennial species (Table 5.5). Hayashi and Numata (1975) noted that species in Japanese
grasslands which were capable of vegetative growth had characteristically fewer seeds in
the soil than species which did not possess the capacity for vegetative reproduction. It is,
therefore, presumed that the majority of re-colonization following disturbance takes place
by vegetative means. Harper and White (1974) suggested that one of the major factors
distinguishing between annual and perennial species is the size and, in some cases, the
presence of a soil seed bank. The capacity for vegetative growth, which is a characteristic
feature of many 'typical' machair species, is, therefore, assumed to have negated the need
for the development of extensive populations of viable seeds.
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5.6 SUMMARY
. There is considerable heterogeneity between machair sub-communities in terms of seed
bank and seed rain characteristics. The soil seed banks and seed rain of the
agriculturally-disturbed machair sub-communities are consistently more dense and more
species rich than non-cultivated areas of the machair.
• Overall, machair seed banks are small and stable with no discernible seasonal trends in
either size or species composition. In contrast, seed rain on the machair is characterized
by a distinct temporal trend.
• Both seed banks and seed rain are potentially very poor sources of propagules for re-
colonization following disturbance, indicating that the majority of re-vegetation
following anthropogenic andlor environmental interference is through vegetative
reproduction.
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CHAPTER 6
THE EFFECTS OF BURIAL BY SAND ON MACHAIR
VEGETATION. I. QUANTITATIVE AND QUALITATIVE
COMMUNITY AND SPECIES RESPONSES
6.1 INTRODUCTION
The response of a plant to stress is an important aid in appreciating its geographical
distribution and its performance along an environmental gradient. Crawford (1989, p.131)
states that:
"some of the major stresses that limit plant growth, both in natural ecosystems and in
cultivation, can be observed at varying intensities of operation on a gradient from exposed
foreshore to sheltered hinterland".
Dune species must also contend with burial by sand, in addition to the high temperatures,
water deficits, salinity, nutrient stresses and high radiation levels to which vegetation in other
habitats may be subjected (e.g. Hopkins, 1995).
The climate of the Outer Hebrides is dominated by the strong prevailing wind which
originates from the south and south-west (Chapter 2). Gales are recorded on 50 days or more
a year (Manley, 1979) and the average wind speed at Stomaway has been calculated as
7•4trjs (Birse and Robertson, 1970, cited in Angus, 1991). Burial by wind-blown sand is,
therefore, a common problem for the vegetation of the dunes and machairs which extend
along the west coast of the archipelago. Sand movement may also occur due to
anthropogenic impacts. Foremost amongst these are the effects of agricultural activity,
chiefly ploughing and lazy-bedding.
Gilbertson et a!. (1995) have partly attributed the vegetational uniformity of the Hebridean
machair plains to these burial processes that occur most frequently during the winter months
but also following storms and gales throughout the year. Gilbertson et a!. (1995)
hypothesized that perennial machair species are adapted to burial by sand, and provided that
burial is not too deep, will recover within a few months of inundation. However, if the depth
of burial becomes too great, re-growth fails and the existing vegetation becomes buried under
the sand, resulting in a process they described as 'machair stratification' (Figure 6.1).
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Figure 6.1 Schematic diagram representing the major micromorphological features associated with
machair soils [adapted from Schwenninger in Gilbertson era!. (1995)].
Gilbertson et al. (1995; 1996b) describe the phenomenon of machair stratification as an
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apparently very young geomorphological feature which is invariably associated with the
vegetation of the low machair grassland and which typically does not occur below the upper
palaeosol. Deposits exhibiting machair stratification typically range from 05 to 15 metres in
thickness and Gilbertson eta!. (1996b, p.73) describe these deposits as displaying:
"thin couplets of (1) laminae of white/grey to brown comminuted shell-sand (sometimes
graded) which are 1mm to 3mm thick with a sharp lower boundary; and (2) laminae of grey
to black organic shell-sand, variously 1mm to 4mm thick, with a bioturbated and diffuse
lower boundary".
The detailed micromorphological features of machair stratification are further discussed by
Gilbertson eta!. (1995).
It is hypothesized that the origins of machair stratification are intimately associated with the
quantities of wind-blown shell-sand characteristic of the machair environment (Gilbertson et
a!., l996b). Sand exposed as a result of rabbit activity, plough and spade cultivation along
with sand from blow-outs and quarries may spread in a thin sheet across areas of the machair
during storms and times of high wind activity. This phenomenon produces the first part of
the machair stratification couplet and is described as (1) in the above definition. Subsequent
plant growth through this sheet of sand during the spring and summer months eventually
produces a layer of organic material, producing the second part of the couplet and described
as (2) in the preceding definition (Plate 6.1).
Gilbertson et a!. (1996b) conclude that machair stratification is closely related to particular
types of land use. This ultimately leads to the hypothesis that the Hebridean machair
grasslands are a direct consequence of a particular combination of human activity and natural
situation (Gilbertson et a!., 1996b).
This chapter describes the phenomenon of burial as a major plant stress and reviews plant
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Plate 6.1 An example of machair stratification showing buried organic layers (0.1.).
responses and adaptations to burial by sand. The effects of burial 'by sand on machair
vegetation were investigated through glasshouse experiments designed to assess the response
of different machair communities to various burial regimes and hence test the hypothesis of
machair stratification proposed by Gilbertson et a!. (1995).
6.1.1 Burial as a major plant stress
Plants may be buried by several different processes and a number of sources of burial stress
have been recognized. Antos and Zobel (1987) present a brief review of literature relating to
the burial of vegetation by tephra (volcanic aerial ejecta), dust, alluvium and dune sand, and
propose a theoretical model of how plants survive these burial processes (Figure 6.2).
230
Material deposited: effects of
depth; phenology
SHOOT 1*-I
	b	 I SHOOT
Ability to break	
4, 
f	 Deciduous shootdormancy
I BUD	 I
BREAK
Depth of burial; amount
of upward growth; C
remain functional while
buried; adequate food
reserves__________________
UPWARD I
EXTENSION I
GROWTH
g	 WOODY OR
EVERGREEN I
EMERGENT I
SHOOT
Deciduous	 4,
I EMERGENT I
I DECIDUOUS I
HERB
Root system moved
into new deposit:Roots survive burial:
shoots can penetrate	
h	
mots survive in new
substratedeposit annually
	_________ 
e	 d
____	 ++	 ____
I SURVIVAL'	 I SURVIVAL ROOTED I 	 I SURVIVAL'
IN PLACE	 IN NEW SUBSTRATE	 [N PLACE
Figure 6.2 Responses necessary for plant survival to burial (redrawn from Antos
and Zobel, 1987).
Antos and Zobel (1987) postulate that, following burial, a plant is either totally buried by the
deposit (Figure 6.2, path a), or is characterized by the presence of some emergent shoots
(Figure 6.2, path b). The shoots of deciduous herbaceous species will die back with time, so
that the plant is once again buried (Figure 6.2, path b). If, however, the emergent shoots are
those of a perennial species (Figure 6.2, path c), the plant already has a distinct advantage in
tolerating the burial process. At this point, if the root system can still function in the soil, the
buried plant will survive (Figure 6.2, path d). If the buried root system cannot function,
however, survival may still be possible through the development of new root material (Figure
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6.2, path e).
If an individual is totally buried, bud break must occur before aerial shoots can emerge from
the deposit (Figure 6.2, path f). Following bud break, emerging shoots of woody or evergreen
species need only retain their root system in the old soil or form a new system in the deposit
in order to survive burial (Figure 6.2, path g). If the emergent shoot is deciduous, however,
survival is only possible if the root system and perennating structures remain in the old soil
and shoots penetrate the deposit annually (Figure 6.2, path h), or, the plant must move its
underground structures, particularly roots and perennating organs, into the deposit (Figure
6.2, path i).
The effects of burial by volcanic tephra have been the subject of a number of papers, for
example, Eggler (1948; 1959) and Griggs (1918; 1919). Antos and Zobel (1985a; 1985b;
1987) and Zobel and Antos (1997) focused their investigations on the botanical consequences
of tephra deposition following the May 18 1980 eruption of Mount St. Helens, Washington
State, USA. The results of their studies indicate that although, as illustrated in Figure 6.2,
plants possess a number of solutions to the problem of burial, one of the most critical factors
in an individual's survival and successful emergence is its ability to perform some degree of
morphological transformation. Antos and Zobel (1985a) illustrated that graminaceous
species buried by volcanic deposits were characterized by the development of a new crown
from stems penetrating the tephra. Shrubs produced adventitious roots on the parts of their
stems buried by tephra. Other individuals survived deposition through a transformation from
short to long rhizome internodes, a re-orientation of rhizomes and/or the production of
unusual vertical shoots. In a subsequent investigation, Antos and Zobel (1985b) recorded the
upward movement of underground plant parts into Mount St. Helens tephra deposits. Of the
eight species studied, seven responded to burial by moving their perennating organs into the
232
deposit. Species with extensive rhizomatous growth positioned their rhizomes vertically in
the tephra, and produced aerial shoots from depths as great as the tephra base. Clearly,
although a plant's phenological stage may be an important factor affecting the impact of
tephra deposits (Antos and Zobel, 1987), those species with the greatest degree of
morphological plasticity will be the most successful in burial situations.
Weaver and Albertson (1936), Robertson (1939) and Mueller (1941) discussed the effects of
dust deposition, following drought, on the prairie vegetation of the American Great Plains
during the mid-1930s. A layer of dust 12-38cm was sufficient to kill the majority of short
prairie grasses. However, prairie weeds, including Agropyron smithii Rydb. and Bouteloua
gracilis (H.B.K.) Lag., thrived on areas of recently deposited dust through the development of
long vertical rhizomes and the formation of new crowns on the surface of the deposit
(Weaver and Albertson, 1936; Robertson, 1939). Mueller (1941) confirmed the critical role
played by rhizomatous growth after burial and illustrated that a rhizome's growth rate and its
ability to grow vertically through a deposit is of great importance to a grass following burial.
Plants may also be subject to stress due to burial by logs, litter, animal excavations (Antos
and Zobel, 1985a) or alluvial deposits (Antos and Zobel, 1985a; 1987). Characteristic
differences between environments where plants are known to be subject to burial are
summarized in Table 6.1.
Table 6.1 A comparison of characteristics of various depositional environments important to plant survival
of burial (from Autos and Zobel, 1987).
Characteristic	 Tephra	 Sand dunes	 Dust	 Alluvium
Chemical toxicity	 Sometimes	 Unlikely	 Unlikely	 Unlikely
Nutrient deficiency	 Likely	 Likely	 Unlikely	 Unlikely
Frequency	 Low	 Highest	 Low	 Occasional
Predictability	 Low	 High	 Low	 Moderate
Relative potential for plant adaptation 	 Low	 High	 Low	 Moderate
Estimated abundance of refugia within deposit 	 Low	 High	 High	 High
Correlation with season and weather
	 None	 Moderate	 High	 High
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Clearly, burial in habitats outside the dune environment is a relatively rare occurrence and the
majority of plants are seldom subjected to the effects of burial stress. Burial by volcanic
tephra, by alluvial deposits following floods and by dust following thought or dust storms, is
an extreme event. Under such circumstances, burial is the result of a 'freak' incident and may
not be recognized as a significant stress factor in the 'typical' plant environment. In contrast,
burial by sand is a frequent environmental stress in the coastal dune environment and a
number of authors (for example, Oosting and Billings, 1942; Salisbury, 1952; Ranwell, 1958;
Hewett, 1970; van der Valk, 1974; Moreno-Casasola, 1986) have recognized sand movement
and the related burial stress, as the most important environmental factor controlling plant
distribution in coastal dunes.
6.1.2 Burial in the dune environment
Maun (1994, p.59) has stated that the risk of burial by sand in the dune environment is high
due to the "spatial and temporal variation in the substrate". Estimates of rates of sand
deposition vary widely between dune systems and range from 87cm year' at the Lake Huron
sand dunes (Maun, 1985) to 90cm yeai' on an active dune site at Newborough Warren
(Ranwell, 1958). Although the landward dunes are comprised of relatively easily-moved
fine-grained sand (Chapman, 1964), the processes of stabilization and fixation lead to an
overall decrease in sand movement with the progression of the dune system landwards from
the sea. Strandline and foredune species are, therefore, the most likely subjects of burial.
During storms and high winds, however, rates of sand accretion may be significantly
increased. For example, Seliskar (1990) recorded the deposition of a total of 28cm of sand as
a result of a single storm on the coast of the USA. Such violent climatic episodes are
frequently important in extending the deposition of sand further back along the dune profile,
even as far as the dune grassland.
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6.1 .2.1 The effects of burial by sand on the strandline flora
Rates of sand accretion in the strandline are greatly influenced by the high mobility of the
substrate (Lee and Ignaciuk, 1985) and may have important consequences with regard to the
establishment of annual species, as burial of seed below a certain critical depth may result in
germination failure or failure of the seedling to emerge (Hesp, 1991). Lee and Ignaciuk
(1985) studied the effect of burial by sand on the germination of three annual strandline
species, namely A triplex laciniata L., Cakile maritima, and Salsola kali, whilst Maun and
Lapierre (1986) examined the effects of artificial seed burial on the germination of Elymus
canadensis L., Ammophila breviligulata, Cakile edentula Hook. and Corispermum
hyssopfolium L. The results of both investigations suggested that the total germination of
strandline species decreases with increasing depth of seed burial (Lee and Ignaciuk, 1985;
Maun and Lapierre, 1986). Seedling establishment on the strand may also be affected by
sand accumulation, as the depth of seed burial may strongly influence the successful
emergence of seedlings from the sand (Maun and Lapierre, 1986; Mann, 1994; Greipsson and
Davy, 1996). Studies conducted by Mann and Lapierre (1986) and Greipsson and Davy
(1996) found that the rate of emergence and total emergence of seedlings of strandline species
tended to decrease with increased sowing depth. Other investigations (e.g Johnson, 1978,
cited in Barbour et a!., 1985) have indicated an important relationship between seed mass and
emergence depth, and it is generally accepted that species with larger seed size are able to
emerge from deeper burial treatments than small-seeded species. Species possessing large
seeds have an increased ability to successfully send up seedlings from deeply buried seeds
(Barbour eta!., 1985; Lee and Ignaciuk, 1985; Mann and Lapierre, 1986).
6.1.2.2 Burial responses of foredune species
Literature relating to the effects of burial on foredune plants is largely restricted to the burial
responses of the Gramineae and of members of the genus Ammophila, in particular. Studies
235
have shown that a number of foredune species do not merely tolerate burial, but are
characterized by the capacity to respond positively to sand accumulation. Maze and Whalley
(1992a; 1992b), for example, illustrated that burial of Spinfex sericeus R. Br., a common
Australian foredune grass, stimulated a positive growth response and demonstrated that
inundation by sand is a requirement for germination in this species. Zhang and Maun
(1990b) studied the effects of burial by sand on the germination, seedling emergence, growth
and survival of Agropyron psammophilum Gillett & Senn, a species endemic to the foredunes
of the Great Lakes. Field and glasshouse investigations indicated that burial of A.
psammophilum seedlings up to a depth of 6cm stimulated an increase in height, leaf and tiller
production, and overall dry weight. Similar fmdings were recorded by Zhang and Maun
(1990a; 1991) for the effects of sand burial on the foredune species Panicum virgatum L.
Partial burial of seedlings of the sandgrass Triplasis purpurea (Walt.) Chapm. results in
increased survival, growth and eventual reproduction compared to unburied seedlings
(Cheplick and Grandstaff 1997). Tropical sand dune species respond to burial by sand in
similar ways to temperate species. Martinez and Moreno-Casasola (1996) investigated the
burial responses of six tropical species from the Gulf of Mexico and showed that all species,
through increased leaf area and total biomass, responded positively to sand accretion. The
ability of these foredune species to respond positively to burial (e.g. Zhang and Maun, 1990a;
1990b; 1991; Maze and Whalley, 1992a; 1992b; Martinez and Moreno-Casasola, 1996;
Cheplick and Grandstaff, 1997) may represent an adaptation to the dune environment.
Investigations by van der Valk (1974) on six representative forbs from the foredunes of the
Cape Hatteras National Seashore yielded similar results to those of Lee and Ignaciuk (1985),
and Maim and Lapierre (1986), with the larger and heavier seeds of certain species proving
capable of successful germination and production of seedlings from increasingly greater
depths of burial. Strophostyles helvola (L) Ell., for example, had the largest and heaviest
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seed of the six species studied. Seeds of this species were able to germinate and reach the
surface through sand deposits as great as 14cm (van der Valk, 1974). Subsequent
investigations at Lake Erie further examined the effects of burial by sand on the seeds and
seedlings of S. helvola. YanfW and Maun (1996a; 1996b) found that individual plants from
the seaward dunes produced a significantly greater number of heavier seeds than those on the
strandline. Seedlings from heavier seeds were able to emerge from greater depths of burial,
and took fewer days to re-emerge from different burial depths, than individuals from small
seeds. The largest S. helvola plants were produced from the heaviest seeds (65-75mg).
However, whereas the foredune species discussed above merely tolerate burial (through an
ability to exhibit a positive growth response), other species, notably Ammophila arenaria and
Ammop/zila breviligula&i, are known to actively require burial by sand for maximum growth
and successful completion of their life cycle. Ammophila arenaria is an abundant grass of
coastal dune systems occurring along all European coasts south of latitude 63°N (Huiskes,
1979). Often the only species present in areas of mobile sand (Huiskes, 1979), its distribution
in the dune environment is largely related to the fact that adult A. arenaria individuals are
exceptionally tolerant of sand mobility and are capable of withstanding burial by up to one
metre of sand per annum (Ranwell, 1972). In North America, A. arenaria is largely replaced
by populations of A. breviligulata. Regarded as the ecological and sociological equivalent of
A. arenaria (Laing, 1958), A. breviligulata is characteristic of the sandy beaches, foredunes
and stable dunes of the Great Lakes and sea coasts of North America (Maun and Baye, 1989).
Leafy shoots of A. arenaria are capable of growing up through a moderate thickness of sand
by simple elongation of the individual leaves (Gemmell et al. ,1953). However, once an
individual plant is overwhelmed by increasing depositions of sand, the axillary buds develop
to create vertical shoots with long intemodes termed 'vertical rhizomes' (Gemmell et a!.,
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1953). With continuing growth, the vertical rhizomes will eventually reach the sand surface,
the apex of each becoming a new leafs' shoot. The initial post-burial emergence of A.
breviligulata also relies on the formation of long stem internodes (Maim and Lapierre, 1984)
and follows a similar pattern to that described by Gemmell et al. (1953) for A. arenaria.
Studies have shown that A. breviligulata is capable of a range of positive burial responses and
typically demonstrates an increased vigour with increased burial depth. Disraeli (1984), for
example, indicated that below- and above-ground biomass, leaf area, number of tillers per
plant, number of buds per tiller, number of new plants from horizontal and vertical rhizomes,
total chlorophyll concentration, plant height and plant cover of A. breviligulata, were all
positively affected by burial. Investigations by Yuan et a!., (1993) focused on the effects of
sand accretion on the photosynthesis of A. breviligulata. Working on the hypothesis that
enhanced growth and vigour in buried adult A. breviligulata plants is largely due to increased
carbon assimilation, Yuan et a!. (1993) undertook a series of field studies. Their results
supported the hypothesis that sand accretion leads to an increase in net CO 2 uptake, leading to
increased photosynthetic rates. Buried A. breviligulata seedlings also exhibited an increased
rate of CO2 uptake (Yuan et aL, 1993). Yuan et a!. (1993) concluded that the reported
increase in biomass following burial (e.g. Disraeli, 1984), is partly due to increased carbon
assimilation levels. Seliskar (1994) recorded a significantly higher concentratIon of ethylene
in the stems of seedlings covered with sand than in those of unburied controls, suggesting a
source for the stimulation of stem elongation described in previous studies (e.g. Maim and
Lapierre, 1986).
Ammophila arenaria and A. breviligulata are clearly both excellent examples of frequently-
buried, highly-adapted foredune species, apparently requiring regular fresh depositions of
sand to maintain their vigour. The relationship between decline in vigour in Ammophila
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(decreased shoot weight per plant, lesser number of plants per unit area, decreased plant
height, less prolific flowering) (Eldred and Maim, 1982) and the stabilization of the dune
sand surface, has been discussed by a number of authors (for example, Tansley, 1949;
Salisbury, 1952; Laing, 1958; Olson, 1958; Marshall, 1965; Hope-Simpson and Jeffries,
1966; Huiskes, 1979 and Krajynk, 1979). Past studies have attributed this decline in vigour
to an increase in soil acidity (Salisbury, 1952), increasing inter-specific competition (Tansley,
1949; Salisbury, 1952; Marshall, 1965) and accumulation of dead and decaying organic
matter (WaIlen, 1980). Further proposed explanations for the differences in vigour of A.
arenaria and A. breviligulata on sand accreting and non-accreting sites are summarized by
Marshall (1965) and Eldred and Maim (1982). Expanding on the work of Marshall (1965),
Eldred and Maim (1982) used multivariate statistical methods in an attempt to identify the
plant and environmental variables responsible for a decline in vigour in A. breviligulata.
Numerical analysis of their experimental results indicated that of all the environmental
variables measured (sand deposition and flux, soil temperature, and competition), sand
accretion had the greatest influence on the growth of Ammophila. More recent studies,
however, have implicated nematodes and soil-borne fungi in the decline of Ammophila (van
der Putten et a!., 1988; 1989; de Rooij-van der Goes, 1995; de Rooij-van der Goes et a!.,
1995a; 1995b; Little and Maim, 1996).
6.1.2.3 The use of other species in burial studies
Other frequently-studied species in burial investigations include the grasses Elytrigiajuncea
and Calamovilfa longfolia (Hook) Scribn. Whereas E. juncea is a common species of the
sandy coasts of Britain and Western Europe (Hubbard, 1984), C. longfolia is primarily found
occupying the sand hills, sandy prairies and sand dimes of the Great Lakes of North America
(Maim, 1985). Adult and seedling individuals of C. longfolia respond to burial in a similar
maimer to A. breviligulata, increasing carbon assimilation, leaf thickness and number of
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bundle sheath cells (Yuan et aL, 1993). The results of investigations by Maun and Riach
(1981) into seedling emergence in C. longfolia strongly agree with those of Maun and
Lapierre (1986) for a range of strandline species: emergence of C. longfolia seedlings is
related to seed burial depth.
Elyrrigiajuncea is capable of elongating its shoots through layers of sand as deep as 23cm
and has the capacity to withstand repeated depositions of sand; two facts accounting for its
common occurrence as a pioneer colonist on British foreshores (Gimingham, 1964). Harris
and Davy (1987) illustrated that, although growth after seven days burial was supported by
re-distributing dry matter between plant parts so that existing photosynthetic tissues were
maintained at the expense of roots, shoots and developing leaves, E. juncea seedlings were
unable to survive two weeks of burial by sand. Investigations by Brown (1997) on three dune
plant species, namely Sarcobatus vermiculatus (Hook.) Torrey, Chrysothamnus nauseosus
(Pallas) Britton and Distichlis spicata (L.) E. Greene, also indicated that plants may respond
to burial through a shift in biomass from below-ground to above-ground components.
Working on the assumption that photosynthetic competence is not impaired by short term
burial, Harris and Davy (1988) subsequently undertook an investigation into carbon and
nutrient allocation in E. juncea seedlings after burial. Results of their experiments revealed
that photosynthetic capacity during burial may be maintained by a reversal of the normal
source-sink relationships for carbohydrate between photosynthetic and non-photosynthetic
organs. Translocation of carbohydrate to stem, roots and expanding leaves was virtually
suppressed during burial, whereas burial by sand increased the proportional allocation of total
nitrogen, phosphorus and potassium to fully-developed leaves (Harris and Davy, 1988).
Investigated adult burial responses of four of the dune grasses discussed above are
summarized in Table 6.2.
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Table 6.2 Summary of the recorded adult burial responses of four commonly-studied dune grasses.
Species	 Burial responses	 Reference
Ammophila arenaria	 Increased internode length, tiller production Sykes and Wilson I 990a
and adventitious rooting
Maim 1985
Yuan et a!. 1993
" "
Disraeli 1984
''	 ''
Disraeli 1984
'' "
Mann and Lapierre 1984
Maim 1985
Yuan eta!. 1993
" "
Yuan eta!. 1993
Maim 1996
'' "
Maim 1996
Ammophila breviligulala
Calamovilfa 1ongfo1ia
Elytrigiajuncea
Increased vertical growth of tillers and
rhizomes
Increased net photosynthesis
Increased leaf thickness
Increased above- and below-ground biomass
Increased leaf area
Increased tiller production
Increased total chlorophyll concentration
Increased shoot emergence time
Decreased shoot density
Increased vertical growth of tillers and
rhizomes
Increased net photosynthesis
Increased leaf thickness
Increased number of bundle sheath cells
Decreased shoot density
Increased shoot emergence time
Increased number of nodes, internode length
and adventitious rooting
Increased internode length, tiller production Sykes and Wilson 1 990a
and adventitious rooting
6.1.2.4 Burial of plants from the landward dunes
One of the earliest accounts of the effects of sand deposition on dune vegetation is that given
by Farrow (1919), who artificially buried an area of grass-heath to a depth of 5cm with sterile
sand. After a period of eight weeks, Agrostis capillaris L., Galium verum, Rumex acetosella
L., Thymus serpyllum L. and Lotus corniculatus were among the species to have colonized
the new sand surface. Although the exact processes of re-colonization were observed to vary
between the different plant species, emergence through the sand surface generally involved an
elongation of the main stem to reach the surface, or the development of lateral stems from the
buried crown, followed by the production of adventitious roots within the sand (Farrow,
1919).
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In a study of thirty New Zealand sand dune species, many perennials survived partial burial,
although most were killed by full sand cover (Sykes and Wilson, 1990a). In contrast, the
majority of annual grasses were unable to survive even when partly buried. Results of the
investigation indicated that the dune species studied have a range of morphological responses
to burial by sand. Most herbs with a creeping habit e.g. Centella unflora and Hydrocotyle
novae-zelandiae responded well to burial, re-growing from small pieces of stolon and
generally following a vertical line of growth up to the sand surface (Sykes and Wilson,
1990a). Similar morphological responses in plants buried by volcanic tephra were chronicled
by Antos and Zobel (1985a; 1985b).
Although bryophyte species constitute an important part of a dune system's flora, excepting a
series of experiments undertaken by Birse et a!. (1957), very few investigations into their
responses to burial have been conducted. Field studies by Birse et a!. (1957) suggested that
the maximum depth of sand through which dune mosses can grow in the natural environment
is 3cm.
6.1.3 Summary
The literature discussed illustrates that coastal dune species are characterized by different
degrees of adaptation and response to burial. Typically, the strandline and foredune habitats
experience the greatest amount of sand deposition and the species characteristic of these areas
are particularly well-adapted to burial. Some foredune species, notably members of the genus
Ammophila are so tolerant of inundation by sand that they actively require regular depositions
to maintain optimum growth. This information is clearly important with regard to a species'
position along the dune profile, as sand deposition patterns can be closely related to the
particular pattern of plant species characteristic of the dune environment (Moreno-Casasola,
1986). Stabilization of the sand surface excludes species such as A. arenaria and A.
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breviligulata from the latter successional stages of the dune system, whereas other species,
which tolerate some degree of sand accretion but which do not need repeated sand accretion
for healthy growth and survival, are restricted to areas where there is typically less sand
movement.
However, with the exception of Farrow' s (1919) investigation, studies of the effects of burial
are largely restricted to species-specific responses and tolerances, and there is a paucity of
information relating to the effects of burial at the community level. There is a similar dearth
of information with regard to the effects of burial on the vegetation from landward areas of
coastal dune systems. Through a more holistic approach to plant burial, the research
presented in this chapter aimed to augment knowledge of community rather than individual
species responses. Furthermore, this investigation studied the effects of burial on the
vegetation of the landward dune areas, which may not be subject to the same rates of sand
deposition as the fore- and mobile dunes, but which nevertheless are commonly buried during
autumn and winter storms, and other violent climatic events.
6.2 AIMS
The primary aim of this investigation was to assess the way in which four distinct machair
plant sub-communities respond to different burial regimes, thereby testing the hypothesis that
there is a critical depth of burial by sand through which machair vegetation cannot re-grow
and proving or disproving the theories of Gilbertson et a!. (1995) on the origins of machair
stratification. Section 6.1 illustrates that different plant species respond to burial by different
mechanisms. It was, therefore, desirable to classify machair species with regard to their
quantitative responses to burial by sand. The secondary aim, therefore, was to catalogue the
burial responses of individual machair species within these same four sub-communities.
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6.3 PRELIMINARY INVESTIGATION
Due to the infrequency of field visits to South Uist, it was impracticable to maintain a field-
based study into the effects of burial on machair vegetation. Transplant experiments,
whereby plant material was removed from the field and installed under glasshouse conditions
in Plymouth, therefore, played a key role in the methodology used during the course of the
burial investigations. Large turves of living machair vegetation, complete with their
associated soil system, were considered to be the most suitable material for transplantation
and formed the basis of all burial investigations. Although it was possible to collect
vegetation turves with minimal disturbance, the use of transplant methodology is not without
disadvantages. Primarily, glasshouse conditions can never fully emulate the biotic and
abiotic macro- and micro-environment of the field. For example, during the winter months,
machair vegetation turves installed at Plymouth would receive 2-3 hours more natural
daylight than equivalent vegetation on South Uist: the transplanted material might, therefore,
be expected to exhibit the capacity for more growth than corresponding plant material in the
natural environment. Experimental responses of transplanted material will, therefore, be an
approximation of the responses of equivalent material in the natural environment. However,
in this case, transplantation of vegetation turves was the only suitable alternative to a field-
based investigation.
Prior to the instigation of a more rigorous investigation, it was necessary to establish whether
or not turves of machair vegetation collected from South Uist could i) withstand
transportation to Plymouth, and ii) survive glasshouse conditions once installed at Plymouth.
A pilot study was, therefore, designed to examine these points. The pilot study also provided
an opportunity to assess the validity of experimental burial techniques and to determine
whether or not machair vegetation would respond to artificial burial once removed from its
natural environment.
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Turves of machair vegetation, each approximately O5m x 05m in size, were collected from
an area of Festuca rubra-Galium verum machair plain (Chapter 3, Kildonan dune and dry
machair TWINSPAN Group B) at Kildonan during June 1995. On return to Plymouth, each
turf was transferred to a large shallow plastic crate filled with fresh machair sand which was
subsequently 'sculpted' around the sides of each turf to form a complete vegetation/soil
system. The turves were installed in an unheated glasshouse under a natural light
environment and watered daily.
Species composition of each turf was recorded by means of a 45cm x 35cm section of plastic-
coated wire garden mesh positioned in the centre of each turf Each mesh section consisted
of a grid of sixty-three 5cm x Scm squares. Using a grid of these dimensions ensured that the
greater part of each turf was included in the investigation, whilst effectively minimizing any
edge effect. Prior to burial, the local rooted frequency of each species on each turf was
determined by recording its presence or absence in each of the sixty-three subdivisions. The
turves were initially buried under a depth of c. 1 5cm of sterile machair sand during January
1996, since gale force winds are most frequent in the Outer Hebrides during ex&c
January (Meteorological Office, cited in Boyd and Boyd, 1990). The sand was contained by
means of perspex frames designed to fit tiglitly around each turf and hence prevent leakage.
Two additional depositions of 1 5cm of sterile sand were made at approximately 8-week
intervals during mid-March and mid-May 1996.
A number of the 'typical' machair plain species displayed a remarkable capacity for re-
growth following artificial burial by sand (Table 6.3). Of the nineteen plant species recorded
across all four turves at the outset of the experiment, fifteen exhibited some degree of
recovery on one or more turves (Table 6.3).
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Perhaps the most remarkable aspect of this result was the fact that all fifteen species found to
be capable of surviving burial were perennials (Grime et a!., 1988) confirming the suggestion
by Gilbertson et a!. (1995) that machair perennials possess special adaptations to the burial
process. Those species with a creeping habit, for example Prunella vulgaris, Lotus
corniculatus, Ranunculus bulbosus, Trfolium repens and Thalictrum minus L. (Grime et al.,
1988), responded particularly well, showing a marked capacity for survival following burial
by sand.
Table 6.3 Plant species survival across Ti, T2, 13 and 14 following
burial by sand.
Species	 Turf 1 Turf 2 Turf 3 Turf 4
Seneciojacobaea	 v	 I
Festuca rubra	 1	 1	 1
Ranunculus acris 	 1	 .1	 1	 X
Plantago lanceolata	 I	 I	 N.P.
Viola tricolor	 1	 1	 N.P.
Thalictrum minus	 1	 1	 1	 N.P.
Prunella vulgaris	 I	 X	 I	 I
Beiisperennis	 1	 N.P.	 I	 I
Agrostis stolonfera
	
1	 I	 X	 I
Plagiomnium rostratum	 X	 I
Holcus lanalus	 1	 X	 1	 N.P.
Lotus corniculatus	 X	 I	 I	 X
Trfolium repens	 N.P.	 *	 I
Ranunculus bulbosus 	 1	 N.P.	 N.P.	 N.P.
Carex arenaria	 X	 N.P.	 /	 x
Rhytidiadeiphus squarrosus	 X	 X	 N.P.	 X
Poapratensis	 N.P.	 N.P.	 N.P.
Lophocolea bidentata	 N.P.	 X	 N.P.	 N.P.
Bryum sp.	 N.P.	 N.P.	 N.P.	 X
where:	 I	 indicates species displayed a degree of re-growth
following burial
x	 no discernible re-growth following burial
N.P. species not present on turf prior to burial
The pilot investigation fulfilled its role as a preliminary study, indicating that turves of
machair could be successfully removed from the field site, and subsequently stored under
glasshouse conditions, without major disturbance or excessive loss of plant material.
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Additionally, the results of the pilot investigation supported Gilbertson's (1995) hypothesis of
machair adaptation to burial, confirmed the validity of experimental burial tecimiques within
the glasshouse environment and justified the establishment of a further, long-term
investigation into the responses of different machair sub-communities to varying burial
regimes.
6.4 FULL INVESTIGATION
6.4.1 Methods
6.4.1.1 Collection and maintenance of plant material
Eight turves, each approximately 30cm x
 30cm x 30cm in dimension, were collected from
each of four selected machair sub-communities [foredune grassland (FD), dune slack, three-
year fallow grassland (3F) and unpioughed grassland(UP)] at Kildonan and Drimsdale during
late July 1996. Turves were taken from the same areas of slack, foredune grassland, three-
year fallow grassland and unploughed grassland used in the seed dynamics studies detailed in
Chapter 5. The species composition of each of the four vegetation types is illustrated in
Plates 6.2a-d. Collecting turves of 30cm height ensured that each had a good associated
sand/soil system which was important in keeping the turves intact during transportation. The
turves were transported to Plymouth in large plastic crates. Immediately upon return, the
turves were transferred in random order to long shallow trays (100cm x
 45cm x 10cm), three
turves to each tray, and acclimated in an unheated polyethene tunnel under a natural light
environment for approximately 20 weeks prior to experimentation. The turves were watered
daily by means of an aerial sprinider system which ensured an even distribution of water
throughout the polyethene tunnel but which would not disturb the surface of the turves when
buried.
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Plate 6.2a (upper plate) Foredune grassland (FD) vegetation at Kildonan.
Plate 6.2b (lower plate) Dune slack vegetation at Kildonan.
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Plate 6.2c (upper plate) Three-year fallow grassland (3F) vegetation at Drimsdale.
Plate 6.2d (lower plate) Unpioughed (UP) grassland vegetation at Drimsdale.
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Machair vegetation is subject to frequent heavy grazing by rabbits in its natural environment.
In order to draw a direct comparison between the experimental turves and the natural
machair, therefore, each turf was artificially 'grazed', using shears, to a height of c.3cm at
fortnightly intervals prior to the initiation of the investigation.
6.4.1.2 Measurement of species composition
Prior to experimental burial (Time 0), the species composition of each turf was recorded by
means of a 10cm x 10cm section of wire garden mesh, centrally-situated and secured in place
by wooden stakes. Each mesh section consisted of a grid of one hundred 1cm x 1cm squares.
The local rooted frequency of each species on each of the thirty-two turves was determined
by recording its presence or absence in each of the hundred squares to give a percentage score
(Kent and Coker, 1992).
6.4.1.3 Experimental burial of machair turves
Turves from each of the four machair sub-communities were subjected to one of two artificial
burial treatments:
1) burial by a single deposition of 5cm of sand, or,
ii) intermittent burial by five depositions of 1cm of sand.
There was, therefore, a total of eight sub-community/burial treatment combinations. Sand
used for burial during the course of the investigation was collected from exposed areas at
Daliburgh (NF745210) and Kildonan machairs and sterilized in a Camplex electric soil
sterilizer (Simplex Instruments, Cambridge) to destroy any viable propagules contained
within it.
The first burial event took place on January 30th 1997 to coincide with the period when high
winds are most likely in the natural environment of the machair (Section 6.3). Four turves
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from each of the four sub-communities were subject to burial by 5cm of sterile sand (single
burial treatment). The remaining four turves from each sub-community received a deposition
of a single centimetre of sterile sand (intermittent burial treatment). The sand was contained
by means of flexible plastic lawn edging, moulded into position around each turf and secured
in place by strong waterproof parcel tape. The depth of sand deposited on each turf was
estimated by way of a strip of tape positioned, as appropriate for each burial treatment, at 1cm
or 5cm height on the wooden quadrat marker stakes (Plates 6.3a and b). In each case, the
entire surface area of the turf was covered with sand in order to minimize any edge effect.
The deposited sand was then gently smoothed to the correct height, care being taken not to
compact the sand surface (Plate 6.3c).
The first post-burial record of species composition (Time 1) was taken, as described in
Section 6.4.1.2, five weeks after the initial burial event. Species composition was
subsequently recorded from Time 2 through to Time 5, five weeks after every intermittent
burial event. The second centimetre of sand was deposited on the intermittent treatment
turves on March 20th 1997, seven weeks after the initial burial event. A further centimetre of
sterile sand was deposited on the intermittent treatment turves at approximately seven-week
intervals on a further three occasions, so that burial occurred every 2 weeks after recording
species composition. The fmal 1cm of sand was deposited on the turves on September 4th
1997. The final record of species composition was taken at Time 5 on October 9th 1997 and
the experiment was terminated.
6.4.1.4 Statistical and graphical treatment of results
Sub-communily responses
The effects of the sub-community/burial treatments and of time on total plant frequency were
examined statistically by means of a repeated measures analysis of variance (ANOVA). Use
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Plate 6.3a (upper plate) Measurement for marking burial depth.
Plate 6.3b (lower plate) Deposition of sterilized sand.
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of the repeated measures ANOVA was necessary due to the fact that each machair turf had
been examined on more than one occasion ovex a pttioi of ttme, so
	
nere were
effectively two experimental sources of variation (Crowder and Hand, 1990). The first
source of variation was that between the turves. The second source of variation was between
time intervals. Each replicate turf within a treatment was assigned a sample number (1-4)
and included as a factor in the analysis of variance. However, no main effect could be
attributed to the factor turf, as the assumption that all turves assigned the same sample
number had a common effect was not possible. The factor 'turf was, therefore. 'nested'
within the main classification (Huitson, 1971; Girden, 1992). Count data are not normally
distributed and are more likely to follow the Poisson distribution (Huitson, 1971). The
frequency data were, therefore, square-root transformed prior to analysis.
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For each sub-community, changes in overall frequency, from Time 0 through to Time 5, were
plotted as a series of stacked bar comparison charts, showing the total frequency reached by
the combined species values and also individual species contributions to the total turf
frequency. Comparison lines connecting the boundaries between species facilitate the
comparison of species frequencies from one time interval to the next. To enable comparisons
between sub-community responses, each machair species was assigned the same
colour/pattern combination throughout the series of charts. Species were stacked in order of
descending pre-burial frequencies. For greater clarity and ease of understanding, three
separate charts are presented for each sub-community/burial treatment combination. In each
case the uppermost chart (a) illustrates the response of the sub-community as a whole. The
middle chart (b) expands the burial responses of those species which had a pre-burial
frequency (Time 0) of less than 5%. The lower chart (c) in each set of three illustrates in fmer
detail the responses of those species which had a pre-burial (Time 0) frequency greater than
5%.
In order to determine the similarity in turf species composition between contiguous recording
sessions (i.e. Times 0-1, 1-2, 2-3, 3-4 and 4-5), and also between the initial and each
subsequent recording session (i.e. Times 0-1, 0-2, 0-3, 0-4 and 0-5), the Sørensen and
Czekanowski coefficients (Kent and Coker, 1992) were calculated for each sub-
community/burial treatment.
The Sørensen coefficient is generally applied to qualitative data and, therefore, utilized the
raw presence/absence data generated during the course of the investigation. In addition, the
Sorensen coefficient was considered particularly suitable as it gives weight to species that are
common to both samples (Kent and Coker, 1992).
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where:
C
Xi and Yi
min(Xi, Y)
m
The Sørensen coefficient is defined as:
2a
ss=
2a+b+c
where:
S
a
b
C
Sørensen similarity coefficient
number of species common to both samples
number of species in sample '1'
number of species in sample '2'
In contrast, the Czekanowski coefficient is applicable to either quantitative or qualitative data
(Kent and Coker, 1992) and, therefore, utilized the frequency data generated during the
investigation. The Czekanowski coefficient is defined as:
= 2min (Xi, Y)
xi+Yi
i= 1	 i=1
Czekanowski similarity coefficient
the abundances of species 'i'
the sum of the lesser scores of species 'i' where it occurs in
both samples
number of species
Differences in species composition between the pre-burial and each subsequent recording
session were summarized graphically by plotting Sørensen and Czekanowski similarity
values against time intervals. In order to compare different similarity values for significance,
95% confidence intervals were applied. Differences are not significant at the 95% level
(p<005) if the confidence intervals overlap. An estimate of the gross overall change in
species composition () in response to burial was calculated for each sub-community/burial
treatment by summing differences between the similarity values of contiguous recording
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sessions for both the Sørensen and Czekanowski coefficients. Gross changes in composition
were then summarized graphically.
Species responses
Patterns of species responses to both burial treatments, across all four sub-communities, were
described by plotting mean species frequencies (averaged over the four replicate turves)
against time.
6.4.2 Results
6.4.2.1 Sub-community responses
The investigated sub-community/burial treatments had a significant effect on the total plant
frequency of the experimental machair turves (ANOVA,f= 294, d.f. =7, p<OOS; Table 6.4).
Table 6.4 Nested ANOVA for the effects of sub-community/burial treatment and
time on the overall plant frequency of experimental machair turves.
cnticalf p-value	 significanceSource
Treatment
Turf (Treatment)
Time
Time x Treatment
d.f.	 f statistic
7	 294(l)
24
5	 165-55(0)
35	 782(0)
2-09	 0-023
442	 0-000
>226	 0-000
p<O.05
p<O-OO
p<O.Oo
Wheref statistics are based on the following mean squares:
(0) Residual
(1) B(A)
The significantf statistic for the effects of treatment (Table 6.4) indicated that at least two of
the treatment means were significantly different from one another. In order to make more
individualistic comparisons between the eight treatment means and elucidate which treatment
means significantly differed from which, the data were subjected to Fisher's least significant
difference (LSD) test (Mason et a!., 1989). The results are presented graphically as a plot of
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the mean total turf frequency for each of the eight sub-community/burial treatments (Figure
6.3).
The LSD intervals for two treatment means which are not significantly different will
vertically overlap 95% of the time. Non-overlapping intervals represent a significant
difference between treatment means (p<OO5). In terms of total plant frequency,
intermittently-buried slack turves (SI) were the least homogenous, exhibiting a significantly
lower total turf frequency than single-buried foredune (FDS), three-year fallow (3FS) and
unploughed (UPS) grassland turves, and intermittently-buried three-year fallow (3F1) and
unpioughed (UPI) grassland turves (LSD interval, p<OOS; Figure 6.3). Mean total plant
frequencies of FDS, FDI, SS, 3FS, 3F1, UPS and UPI turves were not significantly different
from each other (LSD interval, p>OO5; Figure 6.3).
12
11
10
i)
9 H'.'	 8
7
6 _________
FDS FDI SS SI 3FS 3F1 UPS UPI
Treatment
Figure 6.3 Plot of mean frequency and Fisher's 95% LSD intervals for each sub-
community/burial treatment. Where: FDS = single-buried foredune grassland turves; FDI =
intermittently-buried foredune grassland turves; SS = single-buried slack turves; SI =
intermittently-buried slack turves; 3FS = single-buried three-year fhllow grassland turves;
3F1 = intermittently-buried three-year fallow grassland turves; UPS = single-buried
unpioughed grassland turves; UPI = intermittently-buried unpioughed grassland turves. n =
4.
Figures 6.4.1-6.4.4 illustrate that all four machair sub-communities showed the same basic
pattern of response to a single deposition of 5cm of sand, with a striking decrease in total turf
frequency in response to burial between Times 0 and 1. Following the initial sharp decline in
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Key to Figure 6.4.1
Tm	 Thalictrum minus
Hia	 Holcus lanatus
Ca	 Carex arenaria
Rs	 Rhytidiadeiphus squarrosus
Sj	 Seneciojacobaea
Bp	 Bellis perennis
Tb
	
Taraxacum brachyglossum
Cf
	
Cerastiumfontanum
Am	 Achillea millefolium
Gv	 Galium verum
Lco	 Lotus corniculatus
Rr	 Ranunculus repens
Pp	 Poa pratensis
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Plantago lanceolata
Tr	 Trjfolium repens
Tp	 Trfolium pratense
As	 Agrostis stolonfera
Pr	 Plagiomnium rostratum
Fr	 Festuca rubra
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Key to Figure 6.4.2
Ep	 Epilobium pal ustre
Sv	 Samolus valerandi
Rs	 Rhytidiadelphus squarrosus
Ca	 Carex arenaria
Pa	 Potentilla anserina
Ja	 Juncus articulatus
Cf
	
Cerastiumfontanum
Lf-c	 Lychnisfios-cuculi
Cfl
	
Carexfiacca
Rr	 Ranunculus repens
Pr	 Plagiomnium rostratum
fly	 Hydrocotyle vulgaris
Pv	 Prunella vulgaris
Sp	 Sagina procumbens
Hia	 Holcus lanatus
Fr	 Festuca rubra
Jb
	
Juncus bufonius
Cn	 Carex nigra
Cp	 Cardamine pratensis
Pp	 Poa pratensis
Tr	 Trfolium repens
Gp	 Galium pal ustre
As	 Agrostis stolonfera
Ccu	 Calliergon cuspidatum
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Key to Figure 6.4.3
P1
	
Plantago lanceolata
Cf
	
Cerastium fontanum
Pp	 Poa pratensis
Gv	 Galium verum
Hia	 Holcus lanatus
Pa	 Potentilla anserina
Cc	 Campylium chrysophyllum
Lb
	
Lophocolea bidenrata
Gm	 Geranium molle
Sj	 Seneciojacobaea
Pv	 Prunella vulgaris
Am	 Achillea millefolium
Pr	 Plagiomnium rostratum
Rr	 Ranunculus repens
Ra	 Ranunculus acris
I-flu	 Homalothecium lutescens
As	 Agrostis stolonjfera
Tm	 Tortula ruralformis
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Poa humilis
Lco	 Lotus corniculatus
Tr	 Trfolium repens
Bp	 Bellis perennis
Fr	 Festuca rubra
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Key to Figure 6.4.4
La	 Leontodon autumnalis
Cfl
	
Carexflacca
Ph
	
Poa humilis
Tru	 Tortula ruralformis
Tb
	
Taraxacum brachyglossum
Sj	 Seneciojacobaea
Gv	 Galium verum
Cf
	
Cerastiumfontanum
Ra	 Ranunculus acris
Am	 Achillea millefolium
Ca	 Carex arenaria
Rr	 Ranunculus repens
Lco	 Lotus corniculatus
Gm	 Geranium molle
As	 Agrostis stolonfera
Pv	 Prunella vulgaris
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Key to Figure 6.4.5
Ca	 Carex arenaria
Lea	 Luzula campestris
Tm	 Tortula ruralformis
Tm	 Thalictrum minus
Pv	 Prunella vulgaris
Tb
	
Taraxacum brachyglossum
Ha	 Holcus lanatus
Gv	 Galium verum
Bp	 Bellis perennis
Sj	 Seneciojacobaea
Cf
	
Cerastiumfontanum
Rr	 Ranunculus repens
Leo	 Lotus corniculatus
Am	 Achillea millefolium
As	 Agrostis stolonfera
Pp	 Poa pratensis
P1
	
Plantago lanceolata
Tr	 Trjfolium repens
Pr	 Plagiomnium rostratum
Fr	 Festuca rubra
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Key to Figure 6.4.6
Sv	 Samolus valerandi
Rr	 Ranunculus repens
Pjn	 Rhinanthus minor
Cfl
	
Carexfiacca
Lf-c	 Lychnisfios-cuculi
Rp	 Rhizomnium punctatum
Sj	 Seneciojacobaea
Pa	 Potentilla anserina
Pp	 Poa pratensis
Ja	 Juncus articulatus
Lp	 Lolium perenne
Rs	 Rhytidiadeiphus squarrosus
Hia	 Holcus lanatus
Sp	 Sagina procumbens
Cf
	
Cerastiumfontanum
Ccu	 Calliergon cuspidatum
Cn	 Carex nigra
Ep	 Epilobium palustre
Jb
	
Juncus bufonius
Tr	 Trfolium repens
Gp	 Galium palustre
Cp	 Cardamine pratensis
Fr	 Festuca rubra
Hv	 Hydrocotyle vulgaris
Pr	 Plagiomnium rostratum
As	 Agrostis stolon7'era
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Key to Figure 6.4.7
Lc	 Linum catharticum
Ra	 Ranunculus acris
Ca	 Carex arenaria
Leo	 Lotus corniculatus
Sj	 Seneciojacobaea
Am	 Achillea millefolium
Pv	 Prunella vulgaris
Rs	 Rhytidiadeiphus squarrosus
Tm	 Tortula ruralformis
P1
	
Plantago lanceolata
Gv	 Galium verum
Lb
	
Lophocolea bidentata
Rr	 Ranunculus repens
Cf
	
Cerastiumfontanum
Ph
	
Poa humilis
As	 Agrostis stolonfera
Hia	 Holcus lanatus
Rb
	
Ranunculus bulbosus
Hlu	 Homalothecium lutescens
Pp	 Poa pratensis
Bp	 Bellis perennis
Pr	 Plagiomnium rostratum
Tr	 Trfolium repens
Cc	 Campylium chiysophyllum
Fr	 Festuca rubra
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Key to Figure 6.4.8
La	 Leontodon autumnalis
As	 Agrostis stolonfera
Cc	 Campylium chrysophyllum
Pa	 Potentilla anserina
Tm	 Tortula ruralformis
Gm	 Geranium molle
Tb
	
Taraxacum brachyglossum
Sj	 Seneciojacobaea
Lc	 Linum catharticum
Cf
	
Cerastiumfontanum
Ca	 Carex arenaria
Ra	 Ranunculus acris
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Carexflacca
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Poa humilis
Rs	 Rhytidiadeiphus squarrosus
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Gv	 Galium verum
Bp	 Bellis perennis
Rr	 Ranunculus repens
HIu	 Homalothecium lutescens
Lco	 Lotus corniculatus
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Plantago lanceolata
Pv	 Prunella vulgaris
Hia	 Holcus lanatus
Tr	 Trfolium repens
Pr	 Plagiomnium rostratum
Fr	 Festuca rubra
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response to burial, each sub-community made a good recovery, exhibiting a steady increase in
overall frequency throughout the course of the investigation, although no experimental turf
was able to attain its original starting frequency. Turves subjected to intermittent burial by
sand also showed broadly similar response patterns (Figures 6.4.5-6.4.8). Burial by the initial
1cm of sand resulted in a comparable response to that shown by turves inundated by a single
5cm of sand. However, responses to subsequent depositions of sand were rather more erratic
and varied across all four turf types until Time 5, when all sub-communities exhibited a sharp
decrease in total frequency. Irrespective of burial regime, the effects of time on total plant
frequency, as described above and as indicated by Figures 6.4.1-6.4.8, were highly significant
(ANOVA,f= 16555, d.f. = 5, p<OOO; Table 6.4). Fisher's LSD test was, therefore, applied
to determine which means were significantly different from which others. The plot of mean
total turf frequency for each time interval, indicates that the starting frequency of turves from
all eight sub-community/burial treatments, was significantly higher than frequencies at
subsequent time intervals (LSD interval, p<OO5) (Figure 6.5). Total turf frequencies at
Times 3, 4 and 5 were not significantly different (LSD interval, p>005) (Figure 6.5),
although the frequency at Time 2 was significantly lower than frequencies at subsequent time
intervals (LSD interval, p<OO5) (Figure 6.5).
14.5
>- 12.50
10.5
8.5
6.5
0	 1	 2	 3	 4	 5
Time
Figure 6.5 Plot of mean frequency and Fisher's 95% LSD interval for each burial time
interval. n4.
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however. caution must be exercised in the interpretation of the effects of time and treatment,
as ANOVA revealed a highly significant interaction of time and treatment (1 = 7'82, d.f. 35.
p<O'OO: Table 6.4). Time and treatment factors do not, therefore, act independently of one
another. Figure 6.6 illustrates the interaction between time and treatment and clearly
indicates a di llbrence of frequency trend with time between treatments.
0	 1	 2	 3	 4	 5
Time
Figure 6.6 Plot showing the interaction between mean total turf frequency and time for each su
community burial combination. Where: FDS = single-buried foredune grassland tunes: FDI = intermittenti
buried fircdunc grassland tunics: SS single-buried slack tunes: SI = intermittently-buried slack tunics: 3FS
single-buried three-sear faIkn grassland tun es: 3F1 = intermittent1 -buried three-year fallow grassland tunic
(I	 tnk-burid LInpkughed graIand uirc: (P1 intermittently -buried unploughed grassland tunes. n
Fhc near-parallel nature of the li'equency plots between Times 0 and I indicates that there is
little interaction at this point. The interaction appears strongest at Time 5 and there is
evidence (as illustrated by l:igures 6.4.1-6.4.8) of a dichotomy
 due to burial regime: single-
buried turves continue to increase in frequenc y
 whereas intermittently-buried tunes exhibit a
drop in total turf frequency.
/r'nds in sjeci's /rc'quewit's following sizgl' b,irjci/ lrL'aIflzelll
Trends in li'equency over time within individual suh-comrnunj p'/biirial treatments are best
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described with reference to Figures 6.4.1-6.4.8. Although the general pattern of a significant
initial decrease and a subsequent steady recovery was common to all turves subject to a single
deposition of sand, subtle differences in burial response exist between sub-communities. A
comparison of charts (a) and (c) for all four turf types illustrates that the overall shape of the
burial response is dominated by those machair species with a pre-burial frequency greater
than 5%. This is most noticeable for Festuca rubra from the foredune (FD), three-year
fallow (3F) and unploughed (UP) grassland sub-communities (Figures 6.4.1, 6.4.3 and 6.4.4).
Also, those species which dominated at Time 0 recovered well and continued to dominate
throughout the course of the investigation. In addition, with the notable exception of
Plagiomnium rostratum, Trfolium pratense L. and Trfolium repens within the FD sub-
community (Figure 6.4.lc), species dominant prior to burial remained much in proportion
with one another throughout the investigation.
In contrast to the FD, 3F and UP sub-communities, those species dominating slack turves at
the initiation of the investigation exhibited a different response to burial by sand (Figure
6.4.2). Calliergon cuspidatum showed the highest species frequency on slack turves prior to
burial, but was extinguished following the deposition of sand. However, C. cuspidatum re-
emerged from the sand surface at Time 3 (Figure 6.4.2c). Agrostis stolonjfera exhibited
similar pre-burial frequencies to C. cuspidatum but did not show the same pattern of steadily
increasing frequency from Time 1 through to Time 5 shown by F. rubra on other turves.
Figures 6.4.2a and 6.4.2b indicate that the latter stages of recovery in the slack communities
were dominated by a sharp increase in frequency of species, including Hydrocotyle vulgaris,
Potentilla anserina and Epilobiumpalustre, which had starting frequencies less than 5%.
Further subtle deviations from the generalized response pattern are shown, for example, by
the FD sub-community at Time 2. Although the total turf frequencies for the slack, 3F and
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UP sub-communities showed an increase from Time 1 to Time 2, the extinction of some
species with pre-burial values less than 5%, notably Cerastiumfontanum, Bellisperennis and
Seneciojacobaea, led to an overall decrease in total frequency of the FD turves (Figure 6.4.la
and b). In contrast, the sharp increase in total turf frequency for the 3F turves at Time 5, in
comparison with the more gradual increase of the FD, slack and UP sub-communities, can be
attributed to a large increase in the frequency of P. anserina (Figure 6.4.3b).
Trends in species frequencies following intermittent burial treatment
Patterns of response to intermittent burial were again largely controlled by the responses of
those species dominating each sub-community prior to burial: species dominating each turf at
Time 0 continued to exhibit the highest frequencies throughout the course of the
investigation. Additionally, with the exception of P. rostratum on the FD, slack and UP
turves (Figures 6.4.5c, 6.4.6c and 6.4.8c, respectively) and of Campylium chrysophyllum
(Brid.) J. Lange within the 3F sub-conmiunity (Figure 6.4.7c), the frequencies of the
dominant species remained largely in proportion with one another and with their starting
frequencies. In contrast, frequencies of those species with starting values less than 5%
showed much greater variation in response to burial (Figures 6.4.5-6.4.8, chart b).
Sørensen similarities
The data presented in Table 6.5 show Sørensen's similarities between species composition at
the pre-burial, and at each subsequent recording session, for all sub-community/burial
treatments. All intermittently-buried turves were least similar to the pre-burial (Time 0)
species composition at Time 5 (Table 6.5). In general, with the exception of the FD sub-
community, turves subject to a single deposition of sand showed a greater similarity in
species composition between Times 0-5 than between 0-1. Figure 6.7 (a-h) indicates that
there is no significant difference (95% C.I., p<OOS) between the pre-burial species
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composition and the composition at any subsequent recording session for any sub-
community/burial treatment.
Table 6.5 Sørensen's similarity coefficient (S 5) for species composition at the pre-burial, and
at each subsequent recording session, for all sub-community/burial treatments. Where: FDS =
single-buried foredune grassland turves; FDI = intermittently-buried foredune grassland turves;
SS = single-buried slack turves; SI = intermittently-buried slack turves; 3FS = single-buried
three-year fallow grassland turves; 3FI = intermittently-buried three-year fallow grassland
turves; UPS single-buried unpioughed grassland turves; UPI = intermittently-buried
unpioughed grassland turves.
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gure 6.7 Mean Sørensen's similarity coefficient (SJ for species composition at the pre-burial, and at eac
)sequent recording session, for (a) single-buried foredune grassland turves (FDS), (b) intermittently-buric
edune grassland turves (FDI), (c) single-buried slack turves (SS), and (d) intermittently-buried slack turv
[). Error bars correspond to 95% confidence intervals. n 4.
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gure 6.7 (continued) Mean Serensen's similarity coefficient (S 5) for species composition at the pre-buria
d at each subsequent recording session, for (e) single-buried three-year fallow grassland turves, (1
:ermittently-buried three-year fallow grassland turves, (g) single-buried unploughed grassland turves, an
intermittently-buried unpioughed grassland turves. Error bars correspond to 95% confidence intervals.
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In terms of gross changes in species composition in response to artificial burial, Table 6.6
shows the index of change (A), i.e. the cumulative difference between the similarity
values of contiguous recording sessions, for each sub-community/burial combination.
These values are illustrated graphically by Figure 6.8.
Table 6.6 Gross change in species composition () for each sub-community/burial treatment in
response to inundation by sand as calculated by the Sørensen coefficient. Where: FDS = single-
buried foredune grassland turves; FDI = intermittently-buried foredune grassland turves; SS = single-
buried slack turves; SI = intermittently-buried slack turves; 3FS single-buried three-year fallow
grassland turves; 3F1 = intermittently-buried three-year fallow grassland turves; UPS = single-buried
unploughed grassland turves; UPI intermittently-buried unpioughed grassland turves. Blue text
indicates a decrease in similarity from the previous recording session, red text indicates an increase in
similarity, and black text indicates no change between time intervals.
Sub-community /
	
Similarity coefficient (S,)
Burial treatment
Replicate	 Time interval
0-1	 1-2	 2-3	 3-4	 4-5	 i	 Mean
FDS
	
RI	 040 036 043 040 0.50 024
R2	 047 0.44 044 043 048	 0.09
R3	 049 031 040 05O 050	 0.37
R4	 037 044 040 047 O50 02l	 O23
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R4	 040 035 050 050 044 026	 021
SS	 RI	 031	 036 047	 0 . 50	 O•50	 0l9
R2	 0•30 040 0•43	 0•50	 0 .50	 0•20
R3	 029 038 044 050 0. 50	 021
R4	 032 035 048	 048	 0 . 50	 0l8 . 020
SI	 RI	 023 031 047	 045	 035	 036
R2	 031 043 038 040 050 029
R3	 040 033 044 050 022 0•52
R4	 032 038 046 044 050 022
	 0.35
3FS	 Rl	 0•40 047 047	 05O	 050	 010
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R3	 0•30 044 048 048 054 024
R4	 044 044 048 048 05l	 007	 012
-	
..038	 0:42	 .0:39.........0:38
	
I.
R2	 04l 035 048 048 038 029
R3	 042 037 038 048 040 024
R4	 042 043 O46 050 046	 0l2 I 021
UPS	 Rl	 037 0•41 044	 048	 0•50	 0l3
R2	 033 0.43 052 052 053	 020
R3	 044 049 050 049 052 OiO
R4	 O42 045 049	 0 .49	 052	 010 I 013 .
UPI	 RI	 042 04l 046 049 042 0i6
R2	 O45 0.43 050	 050 04I	 0l8
R3	 042 037 0'48 0 .50 044	 024
R4	 046 039 047	 049	 04I	 025 I. 021
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Figure 6.8 Mean gross change in species composition (&j for each sub-community/burial treatment in
•esponse to inundation by sand as calculated by the Serensen coefficient. Where S = single-burial
reatment; I = intermittent-burial treatment. Error bars correspond to 95% confidence intervals. n =4.
The data presented in Table 6.6 clearly indicate that, for any turf within any sub-
community/burial treatment, the change in species composition between contiguous
recording sessions was not necessarily unidirectional. However, with the exception of the
single-buried foredune grassland turves (FDS), the change in species composition was
typically more unidirectional in single-buried than in intermittently-buried turves. Single-
buried turves tended to show a unidirectional increase in similarity, whereas changes in
intermittently-buried turves were more erratic (Table 6.6). The greatest overall change in
species composition in response to burial was shown by the slack turves subject to
intermittent burial (SI) (i = O35) (Table 6.6; Figure 6.8). The 3F and UP turves subject
to a single deposition of sand (3FS and UPS, respectively) showed the least overall change
in species composition in response to burial (A = 012 and O•13, respectively) (Table 6.6;
Figure 6.8). In each case, with the exception of the FD grassland, the greatest overall
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change in species composition occurred in response to intermittent burial with sand (Table
6.6; Figure 6.8). Intermittently-buried FD, 3F and UP sub-communities (FDI, 3F1 and UPI,
respectively) each achieved an overall species composition change () of 021 (Table
6.6). However, overall changes in species composition in response to the two burial
treatments were not significantly different (95% C.!., p<OO5) either within or between sub-
communities (Figure 6.8).
Czekanowski similarities
Czekanowski's similarities between species composition at the pre-burial, and at each
subsequent recording session, for all sub-community/burial treatments are illustrated in Table
6.7. Patterns of changes in turf species composition are comparable to those indicated by the
Sørensen similarity values (Table 6.5). All intermittently-buried turves were least similar to
the pre-burial (Time 0) species composition at Time 5 (Table 6.7). The Czekanowski
coefficient also indicated that all turves subject to a single deposition of 5cm of sand were
more similar, in terms of species composition,, between Time 0-5 than between Time 0-1
(Table 6.7).
Table 6.7 Czekanowski's similarity coefficient (S e) for species composition at the pre-burial,
and at each subsequent recording session, for all sub-community/burial treatments. Where:
FDS = single-buried foredune grassland turves; FDI = intermittently-buried foredune grassland
turves; SS = single-buried slack turves; SI = intermittently-buried slack turves; 3FS = single-
buried three-year fallow grassland turves; 3F1 = intermittently-buried three-year fallow
grassland turves; UPS = single-buried unpioughed grassland turves; UP! = intermittently-
buried unploughed grassland turves.
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Figure 6.9 indicates that for the single buried foredune grassland (FDS), three-year fallow
grassland (3FS) and unpioughed grassland (UPS), and for the intermittently-buried foredune
grassland (FDI) and dune slack (SI), species composition at Time 0 and at all subsequent
recording sessions was not significantly different (95% C.J., p<005). However, species
composition of the single-buried slack (SS) turves between Times 0-1 was significantly
different (95% C.I., p>OOS) from the composition between Times 0-4 (Figure 6.9c). Species
composition between Times 0-5 was significantly different (95% C.!., p>O05) to that at
Times 0-3 for the intermittently-buried three-year fallow grassland (3 Fl) turves, and to all
other intervals for the intermittently-buried unpioughed grassland (UPI) turves (Figure 6.9f
and h).
The values of index of change (Au) for each sub-community/burial combination are tabulated
in Table 6.8 and illustrated graphically by Figure 6.10. In concurrence with the results of the
Sørensen coefficient, changes in species composition were typically more unidirectional in
single-buried than in intermittently-buried turves (Table 6.8). Overall changes in species
composition in response to the two burial treatments were not significantly different (95%
C.!., p<0O5) within sub-communities (Figure 6.10). However, in contrast to the index of
change calculated via the Sørensen coefficient, overall changes in species composition of the
FDS turves were significantly smaller (95% C.!., p>005) than changes recorded in the SS
turves, and the UPS and UP! grassland turves (Figure 6.10). In concurrence with indices
calculated via the Sørensen coefficient, the greatest overall change in species composition in
response to burial was shown by SI turves (
	
= 101) (Table 6.8; Figure 6.10). The FDS,
FDI, 3FS and the UPS grassland turves showed the least overall change in species
composition	 = 053, 071, 071 and 077, respectively) (Table 6.8; Figure 6.10). Within
each sub-community, the greatest change in species composition occurred in response to
intermittent burial with sand (Table 6.8; Figure 6.10).
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gure 6.9 Mean Czekanowski's similarity coefficient (Se) for species composition at the pre-burial, an
each subsequent recording session for (a) single-buried foredune grassland turves (FDS), (
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Figure 6.9 (continued) Mean Czekanowski's similarity coefficient (S e) for species composition at the
pre-burial, and at each subsequent recording session for (e) single-buried three-year fallow grassland
turves (3FS), (f) intermittently-buried three-year fallow grassland turves (3F1), (g) single-buried
unploughed grassland turves (UPS) and (h) intermittently-buried unploughed grassland turves (UP!).
Error bars correspond to 95% confidence intervals. n 4.
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Table 6.8 Gross change in species composition () for each sub-community/burial treatment in
response to inundation by sand as calculated by the Czekanowski coefficient. Where: FDS single-
buried foredune grassland turves; FDI = intermittently-buried foredune grassland turves; SS = single-
buried slack turves; SI = intermittently-buried slack turves; 3FS = single-buried three-year fallow
grassland turves; 3F1 = intermittently-buried three-year fallow grassland turves; UPS = single-buried
unpioughed grassland turves; UPI = intermittently-buried unploughed grassland turves. Blue text
indicates a decrease in similarity from the previous recording session, red text indicates an increase in
similarity, and black text indicates no change between time intervals.
Sub-community /	 Similarity coefficient (Se)
Burial treatment
Replicate	 Time interval
0-1	 1-2	 2-3	 3-4	 4-5	 A	 Mean
FDS	 Ri	 047 O7O 074 O85 098 051
R2	 049 073 074 O74 O99 050
R3	 037 O52 O6O O93	 O9O O59
R4	 050	 064	 O62	 071	 0 . 97	 051	 053
FDI	 Ri	 058	 070	 044	 046	 015	 071
R2	 059 079 053 044 045 056
R3	 038 061	 095 097 076 080
R4	 035	 051	 097	 O81	 081	 078 i. 071
SS	 RI	 0l9	 029	 085	 0 . 91	 097	 078
R2	 0l6	 O58	 0•90	 095	 0 . 97	 081
R3	 008 029 08l	 093	 O98 09O
R4	 O2l	 033	 O96	 083	 097	 l02 . 088
S	 Ri	 028 066 070 067 034 078
R2	 Ol8 034 073	 O66 086 082
R3	 036	 069	 086	 090	 0I5	 l29
R4	 049	 0l4	 0l8	 092	 O87	 Fl8	 l0l
3FS	 RI	 042	 067 O79	 074	 089	 0-57
R2	 0-59	 0-66	 0-77	 0-70	 0-68	 0-27
R3	 0-06	 0-35	 0-81	 0-30	 0-55	 1-51
R4	 0-46	 0-59	 073	 0-76	 0-94	 0-48	 0•7.
3F1	 Ri	 0-55	 0-64	 0-81	 075	 030	 0-77
0 .43	 0-67	 0-66	 0-86	 0-36	 0-95
R3	 0-45	 0-68	 0-64	 0-59	 0-35	 056
R4	 0-33	 0-57	 0-83	 0-76	 0-36	 097 •:08..
UPS	 RI	 0-21	 0-53	 0-63	 0-81	 0-94	 0-73
R2	 0-18	 0-44	 0-80	 0-96	 0-94	 0-80
R3	 0-37	 0-64	 085	 0-75	 0-94	 0-77
R4	 0-19	 0-39	 0-84	 0-85	 0-98	 0-79 :077
UP!	 Rl	 0-46	 0-75	 0-79	 0-75	 0-18	 0-94
R2	 0-38	 0-69	 073	 0-76	 O •35	 0-79
R3	 0-35	 0-37	 0-85	 0-87	 0-37	 1-02
R4	 0-51	 0-66	 075	 0-83	 0-37	 078 . 0-88
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Figure 6.10 Mean gross change in species composition () for each sub-community/burial treatment in
esponse to inundation by sand as calculated by the Czekanowski coefficient. Where: S = single-burial
reatment; I = intermittent-burial treatment. Error bars correspond to 95% confidence intervals. n =4.
6.4.2.2 Species responses
Although Figure 6.4 indicates that burial by sand resulted in changes in frequency of each of
the individual species constituting the four different sub-communities, the patterns of
response of individual species are difficult to discern. Individual species response patterns
across all sub-community/burial combinations are, therefore, presented graphically in Figure
6.11. Species responses to burial varied widely. However, it was possible to distinguish a
total of five different response patterns, which were common to all four sub-communities.
With reference to Figure 6.11, the Type 1 response was exhibited by those species which
appeared to remain relatively unaffected by burial. These individuals showed neither a
marked decrease or a marked increase in response to burial, but occurred at low frequencies
throughout the investigation. Species exhibiting a Type 2 response were absent from the
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urves.
281
Thalictrum minus
.
ffolcus lanai us
2	 3	 4	 5
Time
20
0
V
a.
0
U.
to
0
0
(Pre-bunal)
(a)	 TYPE I	 (b)	 TYPE 2	 (e)	 TYPE 4 (cont.)	 (f)	 TYPE 5
1
Tortula ruraliformis
0	 ----
I0
Linum caiharticum
o
I0
Cares arenaria
o	 .	 S	 S
0	 I	 2	 3	 4	 5
(Pre-bunil)
Time
60j
40 -
	
20 N	 Plag,omniumrosirazurn
0]
V	 .1
Ceroshumfonlornlrn
oJ
40 -,
20]liume
I0
Senec,ojacobae:
I	 I
0	 I	 2	 3	 4	 5
(Pre-bunal)
Time
to
Taraxacum brachyglossum
0
U.
I0
Prunella vulgaris
0	 S	 S
0	 I	 2	 3	 4	 5
Time
EY: TYPE 1 = species relatively unaffected by burial; TYPE 2 = species stimulated to emerge following 	 TYPE 1 = species relatively unaffected by burial; TYPE 2 = species stimulated to emerge following
urial; TYPE 3 = species exhibited a successful post-burial recovery; TYPE 4 = species exhibited an 	 t; TYPE 3 species exhibited a successful post-burial recovery; TYPE 4 = species exhibited an
vera!! decline following burial; TYPE 5 = species exhibited no post-burial survival (extinction);	 11 decline following burial; TYPE 5 = species exhibited no post-burial survival (extinction);
INCLASSIFIED species response not classifiable as Types 1-5.	 LASSIFIED species response not classifiable as Types 1-5.
(c)	 TYPE 3
IO-
>	 I	 Gahum Verum
U
0
0.
Fesiuca rubra
40]
60
20 1
01
0	 I	 2	 3	 4	 5
(Pre.bunai)
Time
(d) 20	 TYPE 4
Poapratensis
20
	
0]	
Plantagoianceolaia
>.	 to-i
U
Lotus cornIculatus
0
tO - gi,ssiolra
0]
I0
o]0m0m
0	 I	 2	 3	 5
(Pie-buns!)
Time
(g)	 UNCLASSIFIED
JO
>
U
spereflflI.r
?
I-i-
to -
0]	
culusrepeax
2	 3	 4	 5
(Pie-buns!)
Time
igure 6.11 (continued) Responses of machair species to burial. (a)-(g) = intermittently-buried foredune
rassland (FDI) turves.
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rigure 6.11 (continued) Responses of machair species to burial. (a)-(h) = intermittently-buried slack (SI)
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igure 6.11 (continued) Responses of machair species to burial. (a)-(g) - single-buried three year fallow
3FS) grassland turves.
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Figure 6.11 (continued) Responses of machair species to burial. (a)-(g) = intermittently-buried three year
rallow grassland turves.
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Figure 6.11 (continued) Responses of machair species to burial. (a)-(g) = single-buried unpioughed
UPS) grassland turves.
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Figure 6.11 (continued) Responses of machair species to burial. (a)-(h) = intermittently-buried
inploughed (UPI) grassland turves.
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experimental turves prior to burial, but emerged following burial. Individuals showing a
Type 3 response were characterized by a steep decrease in frequency following the initial
burial event, but subsequently increased in frequency and made a successful post-burial
recovery. Notably for the intermittent burial treatment, the Type 3 response was
characterized by a further sharp decline in frequency between Times 4 and 5. Species
classified as Types 4 and 5 were those which showed an ultimate decline in frequency
following burial. Individuals, which were not immediately killed, but which showed an
overall decline in frequency following burial were classified as Type 4. Species exhibiting
Type 5 behaviour were those characterized by an extinction response and which showed no
post-burial survival. Those species whose responses could not be clearly classified as Types
1-5 were described as UC (unclassified).
Species response types across all eight sub-community/burial combinations are summarized
in Table 69. It is clear from the information presented in Table 6.9 and in Figure 6.11 that
any one species' response to burial by sand may vary between sub-communities and also in
response to different burial treatments.
The distribution of species response types within each of the investigated sub-
community/burial combinations is illustrated by means of a 100% stacked bar chart (Figure
6 12) The graph presented in Figure 6.12 shows the relationship of each value to the total by
displaying the percentage of the total contributed by each burial response type (Types 1-5). It
is possible to recognize some patterns in the distribution of the five response types both
within different sub-communities and within different burial treatments (Figure 6.12). The
Type I response, exhibited by those species which remained relatively unaffected by burial,
was most frequent in the 3F grassland sub-community (Figure 6.12).
289
Table 6.9 Summary of species response types across all sub-community/burial treatment combinations.
Where: I = Type 1 response, 2 = Type 2 response, 3 = Type 3 response, 4 Type 4 response, 5 Type 5
response, IJC - unclassified response, - = absent from experimental turf, FDS = single-buried foredune
grassland turves; FDI = intermittently-buried foredune grassland turves; SS = single-buried slack turves; SI
intermittently-buried slack turves; 3FS = single-buried three-year fallow grassland turves; 3F! =
intermittently-buried three-year fallow grassland turves; UPS = single-buried unpioughed grassland turves;
UPI intermittently-buried unploughed grassland turves.
Species	 Response type
Sub-community Burial treatment
FDS	 FDI	 SS	 SI	 3FS	 3F1	 UPS	 UPI
A ,nsllefohum	 4	 4	 -	 -	 4	 1	 3	 3
A stoloniJera	 3	 4	 3	 4	 3	 UC	 3	 UC
Bperenn:s	 4	 UC	 -	 -	 3	 4	 3	 4
C arenarsa	 2	 2	 5	 -	 -	 5	 UC	 UC
C chrsophy!Ium	 -	 -	 -	 5	 5	 -	 5
C cuspidatum	 -	 -	 UC	 4	 -	 -	 -	 -
Cflacca	 -	
-	 UC	 5	 -	
-	 2	 UC
Cfon:wnrn,	 4	 4	 UC	 UC	 2	 5	 UC	 4
Cnagra
	
-	
-	 3	 4	 -	 -	 -
Cpra,ens,s
	
-	 3	 3	 -	 -	 -	 -
Epalustre
	
-	 3	 UC	 -	 -	 -	 -
F,bpo
	 3	 3	 UC	 4	 3	 3	 3	 3
	
-	 -	
-	
-	 5Gpaluj,,,	
•	 3	 UC	 -	 -	 -
Yrim	 3	 3	 -	
-	 I	 4	 3	 3
	
2	 5	 5	 I	 3	 3	 ticII lMleJcrns
I,	 -	 -	 UC	 4	 -	 4
	
J-	 -	 3	 UC	 -	 -	 -	 -
J bufo,,*L,	 -	 -	 -	 -	 -	 -
	
-	 -	 -	 -
	
L -	 	
-	 2	 2
L camp1i j, 	- 	 -	 -	 -
	
-	 :	 :	 :	 :	
tiC
L cj4,.	
-	 3	 i	 3	 UCL J7Os c'jcsde
	
-	 -	 -	 -	 -
5	 -	 -	 -	 -
S	 -
	
3	 tiC	 tic	 -	
-	 5
' 4inc. ala
	 Uc	 -	 -	 3	 tiC	 tiC	 UC
-	 2	 1	 3	 3uensa
	 U	 4	 I	 -	 -
	
5	 5	 4	 tiC	 4	 tiC	 4
'taru	
-	 s	 tic	 tic	 tiC	 tiCOCrtr
-	 I	 2	 3	 3
	
-	 :	 -	 - 4	 -	 -
	
•	 -	 -	 -
3	 •	 -	 -	 -Rrrpens	 4	 tiC	 4	 I	 tiC	 4	 tiC	 4R sq&iiarrosajs
	 S	
-	 5	 5	 -	 5	 5	 5
aco&sea	 4	 4	
-	 5	 1	 I	 tiC	 4
procumbens	 -	 •	 tiC	 5	 -	 -	 -	 -
'akrands	 •	
-	 I	 2	 -	 -	 -
T br-ac*Iauw,,	 tiC	 S	 -	 -	 -	 -	 5	 4
Tmniis	 2	 I	 -	 -	 -	 -	 -	 -
T WsJkn	 S	 -	 -	 -	 -	 -
Trepens	 4	 4	 3	 tiC	 3	 4	 3	 3
Tniraformii	 •	 2	 -	 •	 4	 4	 1	 5
The Type 2 response, shown by individuals stimulated by burial to germinate, was most
frequent in the FD grassland sub-community. No Type 2 responses were recorded from the
slack turves subject to a single burial event (Figure 6.12). Within each sub-community,
turves subject to a single burial by 5cm of sand consistently exhibited a greater number of
Type 3 responses than those turves subject to intermittent deposition. A greater number of
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Type 3 responses were recorded from the UP grassland sub-community than from any other
vegetation type (Figure 6.12). Individuals showing an overall decline in frequency following
burial. it'. a lype 4 response. were most frequent in turves taken from the FD grassland.
Across all tour sub-communities, individuals exhibiting a Type 4 response were consistently
more frequent on intermittently-buried than on single-buried turves (Figure 6.12). With the
exception of the 1:1) grassland. the greatest numbers of individuals showing a Type 5
response. i.e. post-burial extinction. ere recorded from the intermittently-buried turves.
(herall. the lpe 5 response was most frequent on turves taken from the dune slack sub-
communjt (ligLire 6.12). Individuals exhibiting unclassified (UC) responses were most
frequent ithin the slack and L P sub-communities. Within the FD and 3F sub-communities.
the ((' response as typically more common on the single-hurled than on the intermittently-
buried tures (Figure 6.12).
.iib-iimniiinii 1 rcaznin:
Figure h. 12 I )iIribii1ion in s;	 S !ptInsc types ithin each of the incstigatcd suh-communit burial
conihinjtiiins Where: I 1 pc I rc'ponse. species relaiiel unaffected by burial: 2 = Type 2 responsc.
species stimulated to emerge folimsing burial: 3 Type 3 response. species exhibited a successful post-buria'
recocr: 4 Ipe 4 response. species exhibited an overall decline following burial: 5 = Type 5 responsc.
species exhibited no post-burial surial (extinction): tIC unclassified response. - absent from experimental
turf Fl)S single-buried foredune grassland tunes: FDI = intermiUentI -buried foredune grassland turves: SS
single-buried slack tunes: SI 	 intemiuentl-huried slack turves: 3FS -. single-buried three-sear thllos
grassland tunes: ll
	 intermitienik-huried three-scar fallim grassland tunes: L I PS	 siuigk-Iuried
i in I • .	 . .1.	 1 I! '	 I P I	 i ni cnn 111cm h -buried unph'uda'd r.isl.md I tin es.
2') 1
6.4.3 Discussion
The results of the investigation indicate that burial by sand has a significant effect on machair
vegetation. However, a paucity of literature relating to plant community responses to burial
makes comparisons with other studies difficult.
In terms of total plant frequency, burial by either a single 5cm deposition of sand, or five
intermittent burials of 1cm of sand, had a significant effect on vegetation turves taken from
the four different machair sub-communities. It is assumed that burial has a detrimental effect
on plant resources, with re-growth through a layer of deposited sand resulting in the depletion
of stored carbohydrate reserves. Seliskar (1994), for example, illustrated that buried
indi iduals of Ammop/zila breviligulala had statistically higher amounts of mobilized
carboh>drate reserves (in the form of sugar), than non-buried individuals of the same species.
Following the initial deposition of 1cm of sand at Time 0, vegetation subjected to intennittent
burial ould have mobilized resources within the turf to effect successful re-growth. Each
repeated deposition of sand clearly stimulated the utilization of more and more resources,
resulting in the recorded increase in plant frequency. However, intermittently-buried turves
ould not ha e had sufficient time to recover and build replacement energy reserves before
the net burial incident. Repeated burial by sand, therefore, resulted in the continual
depletion of resources and the near-exhaustion of carbohydrate reserves at Time 5. It is likely
that a sixth deposition of sand would have resulted in the extinction of plant material on these
turves. In contrast, although single-buried turves were initially buried under a 5cm, rather
than a 1cm, Ia> er of sand, resources within each turf were clearly still sufficient to enable
successful re-growth. Having emerged through the sand surface, it is assumed that
photosynthetic mechanisms would achieve their pre-burial status, resulting in the creation of
new carbohydrate reserves to replace those mobilized for upward growth after the burial
event at Time 0. The effect of burial by sand on the photosynthetic efficiency of machair
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vegetation is discussed in Chapter 7.
Calculation of the Czekanowski coefficient indicated some significant changes in species
composition as a result of intermittent burial. However, these changes were not extensive
and, overall, Czekanowski's coefficient agreed with the results of the Sørensen coefficient,
illustrating that species composition of the experimental turves was not significantly affected
by either burial regime. Overall, therefore, both similarity coefficients indicated that the
species present on each turf prior to burial remained much in proportion with one another
following inundation. Clearly, burial by sand has a greater effect on the number of individual
plants, than on the number of plant species, within a sub-community. Machair foredune (FD)
grassland, slack, three-year fallow (3F) grassland and unploughed (UP) grassland vegetation,
therefore, responds to burial primarily in a quantitative rather than a qualitative manner.
In terms of indi idual species responses, obvious trends across sub-communities and in
response to different burial regimes are difficult to discern as machair species did not
consistently show the same burial response from one sub-community/burial treatment to the
nc\t. On the hole, species which failed to survive the initial deposition of sand and which.,
therefore, exhibited a lype 5 response, were bryophytes. Studies by Birse et a!. (1957) on the
effects of burial by sand on the bryophyte component of Scottish dune communities indicate
that dune mosses are generally unable to survive burial depths greater than 3-4cm. It is also
possible that the failure of the bryophyte species to re-emerge following burial was due to a
poor capacity for dark survival (e g. Sykes and Wilson, 1990b). The Type 5 burial response
was also often, but not exclusively, exhibited by those species which displayed a low pre-
burial frequency. It is possible, therefore, that in species liable to an ultimate decline in
frequency, the post-burial behavioural differences detected and classified as the Type 4 and
Type 5 responses, may in some cases, be merely a consequence of differing starting
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frequencies. However, there is no overwhelming evidence to support this theoiy, as species
with high starting frequencies were as capable of exhibiting a Type 5 burial response as of
displaying a Type 4 burial response.
Species which exhibited a successful post-burial recoveiy (Type 3) typically possessed the
highest pre-burial frequencies and tended to determine the pattern of recovely of the sub-
community as a whole. A high starting frequency suggests that any species showing a Type 3
burial response was present within the sub-community as a large cluster of plants.
Furthermore, it is likely that a species spreading to form a sizeable clump of individuals
within a sub-community, did so because it was not subject to the adverse effects of disease or
competition. It is plausible that such a thriving well-established species would posses a clear
advantage o er less frequent and less successful species when exposed to the effects of burial
by sand. Additionally, with the exceptions of Juncus bufonius and Rhizomnium punctatum
(I kdw) Kop. on the intermittently-buried slack turves, all species which exhibited a Type 3
response on one or more treatment turves were perennials (Grime et a!., 1988), reinforcing
the results of the preliminaiy investigation (Section 6.3) and lending further support to the
hypothesis that machair perennials possess special adaptations to the burial process
(Gilbcrtson eta!, 1995). In this respect., the results of the study closely agree with those of a
similar investigation undertaken by Sykes and Wilson (1990a) on the response of New
Zealand sand dune species to different depths of burial by sand. Sykes and Wilson
discovered that although the majority of annual species were unable to survive even when
partly buried, many perennials exhibited the ability to survive partial burial by sand.
Although not present prior to burial, a number of species emerged from the sand surface
following the deposition of sand. As the sand used for artificial burial was sterile, it must be
concluded that these species, classified as showing a Type 2 response, were recruited from a
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soil seed/bud bank. The number of species showing a Type 2 response did not differ
markedly between the FD, 3F and UP grassland sub-communities. However, this response
was most notably exhibited by Carex arenaria within the FD sub-community and Leontodon
autumnalis L. in the UP sub-community. It is likely that changes in micro-environment,
brought about by the burial process, stimulated dormant propagules in the turves to germinate
(Hesp, 1991). For those species stimulated to germinate from seed e.g L. autumnalis,
Cerastiumfontanum, Linum catharticum and Ranunculus acris, it is possible that abrasion of
the seed coat by particles of sand, permitted the entry of oxygen resulting in the subsequent
breaking of coat-imposed dormancy (Bewley and Black, 1982; 1994; Berrie, 1984; Salisbury
and Ross, 1992). Re-growth from a buried soil seed bank or, in the case of C. arenaria, from
a bank of dormant buds (Noble ci a!., 1979), is likely to be a significant factor in re-
egetation following burial (e g Sykes and Wilson, 1990a).
The Type 2 response was least frequent in turves taken from the dune slack and this
observation may ultimately be due to the specific environmental conditions of the slack
habitat. Whereas propagules of some species of the FD, 3F and UP grasslands are clearly
dependent on micro-environmental changes brought about by burial to break dormancy, it is
more likely that the propagules of slack species rely on other cues to break dormancy and
stimulate germination. For example, slack species may require low oxygen tensions
associated with sub-aqua conditions for successful germination (Mayer and Poljakoff-
Mayber, 1982).
A species' ability to withstand the effects of burial varied between sub-communities and
burial regimes, and a species which showed a good Type 3 response within one sub-
community/burial treatment frequently exhibited a Type 4 response within a different
treatment e g. Agroslis sto!onfera. Similarly, those species which remained relatively
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unaffected by burial (Type 1) within one treatment, could also exhibit Type 3 and Type 4
responses within other sub-community/burial treatments e.g. Senecio jacobaea and Holcus
lanalus. Clearly, a species' response across all eight sub-community/burial treatments was
rarely consistent, indicating that a machair species' response to inundation may differ:
(i) as a result of different burial regimes,
(ii) within a sub-community, or,
(iii) between sub-communities.
The reason for the observed variability in any one species' burial response across different
sub-community and burial treatments is not immediately obvious. However, each of the
in estigated sub-communities is characterized by a particular qualitative and quantitative mix
of species. Any one species distributed across all four sub-communities, e.g. S. jacobaea, is,
therefore, subject to varying inter- and intra-specific competitive interactions from one sub-
community to the next. Individuals of S jacobaea, for example, were ultimately liable to an
ocrall decline in frequency (Type 4 and 5 responses) within the FD grassland, dune slack
and UP grassland sub-communities, but remained unaffected by burial (Type 1 response)
within the 3F grassland (Table 6.9). It is possible, therefore, that within the FD, slack and UP
sub-communities, inter- and intra-specific competitive relationships were strong, and
indiidua1s of S jacobaea were incapable of sustaining a successful recoveiy response to
burial. In contrast, it is possible that competitive interactions between S. jacobaea and other
members of the 3F sub-community were weak, permitting S. jacobaea to successfully
withstand, and remain unaffected by, the burial process. The capacity of any one species to
withstand burial from one vegetation type to the next may, therefore, be related to the
competitive relationships experienced by the species in question. Clearly, this observation
has important ramifications for the validity of monospecific burial investigations, suggesting
that the documented burial responses of species examined in isolation (e.g. Sykes and
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Wilson, 1 990a; Martinez and Moreno-Casasola, 1996) may be misleading: in the natural
environment, a species' ability to withstand the effects of burial will be partly related to the
strength of its competitive interactions with the individuals of different plant species.
Although individual species were capable of vaiying responses within different sub-
communities subject to different burial regimes, the plant frequency and species composition
responses of the four sub-communities to burial were highly comparable to one another. This
suggests that one sub-community was no more adversely affected by burial than the next
However, intermittently-buried slack turves (SD exhibited a significantly lower total
frequency than turves from any of the other seven sub-community/burial treatments, although
total frequency at Time 0 did not differ markedly. This observation may be due to the fact
that the SI turves were dominated by individuals showing a Type 5 post-burial extinction
response. A substantial amount of plant biomass would, therefore, have been immediately
killed following the first deposition of sand between Times 0 and 1. The SI turves also
shoed the greatest overall change in species composition in response to burial. This
relau ely poor burial response may be partly attributed to the pre-burial species composition
of these turves which was characterized by species typically exhibiting a poor response to
burial (Type 4 and Type 5 responses). It is also possible that the unique hydrology
characteristic of dune slacks (Chapter 2) played an important role in governing the slack
response to burial. Relative to the FD, 3F and UP grasslands, dune slacks are characterized
by high soil moisture (Chapter 3). Other pedological aspects of the slack sub-community also
differ from those of the three investigated grassland sub-communities (Chapter 3). The
differing nature of the slack soil chemistry may, therefore, be partly responsible for the
vegetation's relatively poor ability to withstand repeated depositions of sand.
Tolerance to burial is often related to the local distribution of a species within a dune system
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and burial-tolerant species are commonly found at the front of the system (Section 6.1.3).
Some authors (e.g. Moreno-Casasola, 1986) have used a species' ability to withstand burial
as part-explanation for its plant community dynamics and spatial distribution. However, such
observations have been largely based on dune systems where there is a clear transition from
mobile sand areas (mobile dunes and foredunes) to areas of considerably less, or no, sand
movement (fixed dunes and dune grasslands). Due to frequent high winds and the common
occurrence of storm events, no such transition exists within the typical Hebridean machair
system, and one part of the habitat is as likely to suffer sand movement as the next. Burial-
tolerant species, therefore, are not restricted to the seaward areas of the system but are well-
represented throughout the machair habitat The spatial distribution of species within the
machair system must, therefore, arise from some factor other than the movement of sand.
Consequently, the different machair sub-communities (as identified and described in Chapter
3) do not originate as a result of the burial tolerances of their constituent species, but are
partly due to the influence of other abiotic factors, notably soil moisture and organic matter
contents, soil p11 and conductivity (Chapter 3).
O crall, the results of the study lend support to the hypotheses of Gilbertson et a!. (1995) on
the origins of machair stratification. The outcome of the investigation confirmed the
suggestion by Gilbertson et a! (1995) that perennial machair species are adapted to some
degree of burial by sand. The dominance of the life-form throughout all types of machair
vegetation would suggest that perennial species have been evolutionarily selected for their
ability to withstand the effects of inundation. It was not possible, from the depths and
frequencies of sand inundation used in the investigation proper, to determine at what depth of
burial the re-growth mechanisms of machair perennials would fail and machair stratification
occur. It as not, therefore, possible to determine a definitive critical depth of burial for
machair vegetation. However, the results indicate that a depth of 5cm approximates to the
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hypothesized critical depth of burial for machair vegetation subject to intermittent inundation
by sand. This observation on the critical depth of burial, supports the suggestion by
Gilbertson el a!. (1995), that the dark layers characteristic of machair stratification arise due
to the failure of perennial species to re-grow through the sand deposit, resulting in the
trapping of the vegetation within the deposit and its subsequent decomposition to form dark
organic material. The critical depth of burial for a single burial event is clearly greater than
5cm for the investigated sub-communities. In terms of gross changes in plant frequency and
species composition, therefore, intermittent burial by sand has a greater effect on machair
vegetation than a single burial event, indicating that the frequency of burial is more important
than the total depth of burial. Therefore, in terms of use of resources, initiating a growth
response to burial is more costly than sustaining growth through a deposit.
The movement of sand by aeolian processes in the natural environment of the Outer Hebrides
is a near-constant phenomenon. The intermittent burial treatment utilized in this
anesugation is, therefore, probably the closest approximation to the actual processes of burial
on the machairs of South Uist. Deep burial on a single occasion is less common but,
neertheless, following storms and other extreme climatic events, does occur and numerous
histoncal accounts descnbe the effects of severe storms and the subsequent sand drift on the
townships and peoples of the Outer Hebrides (e g Walker, 1764, cited in Angus and Elliot,
1992; Morrison, 1967). It is not possible, from the results of this investigation, to infer
vhether machair stratification is predominately a response to a one-off deep burial or to the
repeated intermittent deposition of thin layers of sand. Both intermittent and single
depositions of sand have the potential to result in machair stratification, and it is likely that
both play significant roles in the formation of the stratigraphic features described by
Gilberison eta! (1995; 1996b).
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6.5 SUMMARY
. These investigations showed how different machair sub-communities, and individual
species within these same sub-communities, respond to burial disturbance.
• Within machair sub-communities, burial by sand exerts a greater effect on the number of
individual plants, than on the number of plant species.
. Intermittent burial is more damaging to machair vegetation than a single burial event.
. Perennial machair species possess adaptations to withstand burial by sand. The perennial
life-form has, therefore, been evolutionarily selected-for and dominates throughout the
machair habitat.
• Although no critical depth of burial for machair vegetation was established, the results of
the investigation support the hypotheses of Gilbertson et a!. (1995).
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CHAPTER 7
THE EFFECTS OF BURIAL BY SAND ON MACHAIR
VEGETATION. II. PHOTOSYNTHETIC RESPONSES
7.1 INTRODUCTION
One of the most significant consequences of burial by sand for dune plants is the
modification of their normal microenvironment. Sand accretion will frequently lead to an
increase in moisture, nutrient availability, bulk density and anaerobic microorganisms.
However, there will be an associated decrease in soil temperature and aeration, light
intensity and competition (Maun, 1994). Although the alteration of all these
microenvironmental factors may have important consequences for the physiological
functioning of the buried plant, possibly the most obvious and immediate effects will be
due to the changed light environment. If there is no mechanical damage and the plant is
completely covered, burial by sand is synonymous to putting the plant in a dark
environment (Harris and Davy, 1988; Sykes and Wilson, 1990a; 1990b). Lack of light has
clear implications for the immediate photosynthetic activity of a buried plant or plant
community: photosynthetic capacity is inhibited and survival of the plant is dependent on
the use of stored carbohydrate reserves (Harris and Davy, 1988). However, burial may also
ha e ramifications for the long-term photosynthetic competence of a plant which, in turn,
will have important implications for the abilities of a plant to successfully re-establish itself
following exposure or emergence from the sand.
The general physiology of plant responses to sand accretion has not been well-studied
(Chapter 6) and specific considerations of the effects of burial by sand on the
photosynthetic mechanisms of dune vegetation are limited to those of Harris and Davy
(1988) and Yuan el a!. (1993). These investigations described the burial responses of
individual plants of a single species when isolated from the plant community as a whole.
However, the individual members of a plant community are typically party to complex
inter- and intra-specific relationships, including competition for light, nutrients and space.
As indicated by the results of investigations detailed in Chapter 6, the response of an
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individual removed from the effects of competition and other interactions is likely to differ
from that of an individual of the same species examined as part of a community. The
burial responses of individuals of any one species examined in isolation are not, therefore,
strictly representative of burial responses in the machair. Additionally, burial by sand in
the dune environment is not limited to individuals of a single species, but is a phenomenon
which affects whole communities and sub-communities. Although community-level
measurement of plant physiological responses to environmental parameters is a more
ecologically-sound approach, and recognizes that a plant community is greater than the
sum of its constituent species, there is no literature pertaining to photosynthetic responses
to inundation at the level of the community. Such a community-based perspective is
described in this chapter.
Photosynthetic responses to environmental stresses are typically "elastic" (Levitt, 1972).
Elastic responses to stress can be defined as those changes in a plant's functioning that
return to the optimal level once the stress has been removed (Levitt, 1972; Salisbury and
Ross, 1992). In a dynamic and unpredictable environment such as the machair, where sand
is highly mobile and the risk of burial is great, the vegetation might, therefore, be expected
to be capable of maintaining its photosynthetic capacities even when buried, permitting a
rapid elastic response in the event of exposure by wind/rabbit action, or of emergence
through the deposit.
7.2 AIM
The aim of this chapter was to determine the effects of short and long-term burial by sand
on the photosynthetic efficiency of four machair sub-communities.
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7.3 METHODS
7.3.1 Collection and maintenance of plant material
During mid-April 1997, turves of machair vegetation, each approximately 15cm x 15cm
10cm in dimension, were collected from the same areas of foredune (FD) grassland, dune
slack, three-year fallow (3F) grassland and unpioughed (UP) grassland vegetation at
Kildonan and Drimsdale used in the investigations detailed in Chapters 5 and 6. As
described for the investigations in Chapter 6, the turves were transported to Plymouth in
large plastic crates and immediately upon return were transferred to an unheated polyethene
tunnel under a natural light environment. The turves were watered daily by means of an
aerial sprinkler system and allowed to acclimate for approximately 10 weeks prior to
experimentation.
7.3.2 The infra-red gas analyser (IRGA)
7.3.2.1 Principle of infra-red gas analysis and the construction of the IRGA
Infra-red gas analysis operates on the basis that most hetero-atomic gases, including carbon
dioxide, absorb radiation at specific infra-red wavebands. Carbon dioxide has its major
absorption band at 425 j.tm, with secondary peaks at 266, 277 and 1499g.tm (Janác et al.,
1971; Long and Hallgren, 1993). At any one wavelength, the absorption of radiation by
carbon dioxide is subject to the Beer-Lambert Law, which states that transmission of
radiation through a cell will be reduced in relation to both the molar concentration of
carbon dioxide in the cell and the length of the cell (Janác eta!., 1971; Jarvis and Sandford,
1985; Long and Hallgren, 1993):
aw= 1-exp(-1.Mkw)
where:	 = absorptivity at wavelength w,
M = molar concentration of carbon dioxide,
k = radiation extinction coefficient at wavelength w.
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On this basis, if there are two identical cells with equal amounts of radiation entering each,
then it will be possible to assess the difference in carbon dioxide concentrations between
the cells. Two parallel cells are required for such differential measurements, an 'analysis'
and a 'reference' cell (Figure 7.1). These cells are equipped with mica windows at each
end which are transparent to infra-red radiation. An additional mica window splits the
analysis cell such that the tube is split into two lengths representing 5% and 95% of the
total cell length. The reference cell is similarly split into two sections representing 2% and
98°o of the total cell length, respectively (Figure 7.1). The use of such a split cell
arrangement is primarily designed to provide two broad ranges of measurement sensitivity
(Long and Hallgren, 1993).
In IRGAs used for photosynthesis measurement, the analysis cell contains air which has
passed through an illuminated chamber containing photosynthesizing plants, whilst the
reference air stream has not passed through such a chamber (Figure 7.1). Carbon dioxide
present in the cells will absorb radiation from an infra-red source to an extent depending on
the concentration of the gas. Assuming that the analysis and reference cells contain
dissimilar concentrations of carbon dioxide, different amounts of infra-red radiation will
then be available to reach a detector. The detector is filled with pure carbon dioxide and
di ided into two chambers by means of a diaphragm: radiation passing through the
reference cell enters one chamber and radiation passing through the analysis cell enters the
other chamber (Figure 7.1). There will, therefore, be differing absorption of the remaining
radiation within the detector. Absorption of radiation by the carbon dioxide generates heat,
which subsequently raises the pressure of the gas within the detector. Different amounts of
radiation within the detector, therefore, result in a pressure difference on either side of the
diaphragm. The subsequent movement of the diaphragm creates an electrical signal which
is registered on a chart recorder (Figure 7.1). Comprehensive accounts of the principle of
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the infra-red gas analyser are given by Janác et al. (1971), Jarvis and Sandford (1985) and
Long and Hallgren (1993).
7.3.3 IRGA investigations
All IRGA investigations were undertaken at the Institute of Biological Sciences, University
of Wales Aberystwyth, during the period August 4th to 1 5th 1997, using an ADC 225 Plant
Physiology Gas Analyser Mk.3.
7.3.3.1 Experimental burial of machair turves
During the final week of June 1997, at the end of the 10-week acclimation period, nine
tur es from each of the four sub-community types were selected for use in the investigation
and viere assigned one of three different burial treatments. Sand used for burial was
collected and sterilized as described in Section 6.4.1.3. Wooley and Stoller (1978) found
that burial by 2-3mm of coarse sand attenuated light to 1% of the surface intensity. A
deposit of 2cm of sand was, therefore, deemed sufficient to inhibit all photosynthetic
activity within the experimental turves. For the long-burial (LB) treatment, three turves
from each sub-community type were completely buried under a depth of 2cm of sand
dunng the last veek of June 1997; approximately 6 weeks prior to their use in the IRGA.
A further three turves of each type were subjected to the short-burial (SB) treatment and
remained unburied until the final week of July 1997, when they were also completely
covered with 2cm of sand. The SB turves were, therefore, buried for a period of two weeks
prior to the IRGA investigations. The final three turves from each sub-community were
designated as controls and remained unburied throughout the course of the investigation.
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7.3.3.2 Experimental procedures for measuring carbon dioxide exchange
Standardizing
The IRGA was standardized prior to the investigation by passing a known concentration of
carbon dioxide (33Oppm CO2 v/v in air) through the analysis cell.
Calibration
The IRGA was calibrated for differential measurement on a daily basis. First, the
instrument was zeroed by passing 'reference' air, pumped from outside the laboratory,
through both the reference and the analysis cells simultaneously. Carbon dioxide-free air
as then passed through the 500 length of the analysis cell, thereby decreasing the total cell
length, and consequently its carbon dioxide content, by 5%. Taking the carbon dioxide
content of the atmosphere to be 33Oppm, a deflection in the reading on the differential
scale of the IRGA representing a 50 depletion in carbon dioxide concentration would be:
330x5 -
16•5ppm CO2
100 -
Accurate calibration of the IRGA was then possible through the adjustment of the
instrument to achiese a 5°o deflection of 165ppm CO 2. Long and Hallgren (1993) present
a full account of the principles and methods of IRGA calibration.
ilkasurenzeni of exchange rate
Rates of net carbon dioxide exchange ere taken for all twelve control turves to provide a
baseline photosynthetic rate for each investigated machair sub-community and to enable
comparisons between unburied vegetation and vegetation recovering following burial. For
completeness, and in order to confirm that no photosynthesis occurred during burial by
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sand, the net carbon dioxide exchange of all twelve LB treatment turves, complete with
2cm layer of sand, was investigated. The 2cm layer of sand was removed from the twelve
LB treatment turves on August 5th 1997, approximately 6 weeks after burial. The net
carbon dioxide exchange of each LB turf was measured at 1 6-20h following denudation
and subsequently at 40-44h after denudation. To prevent excess disturbance during the 20-
40h period, the denuded turves were stored within the IRGA laboratoiy. Vegetation turves
subjected to the SB treatment were uncovered on August 10th 1997, approximately 2 weeks
following inundation. Net carbon dioxide exchange was measured at 16-20h, and again at
40-44h, following denudation.
The configuration of the IRGA and the method of gas exchange measurement was identical
for each experimental run. Due to the dimensions of the light chamber, it was necessary,
prior to the use of the IRGA, to trim each turf to a size of 13cm x 13cm x
 10cm to ensure a
good fit. The turf was carefI.iIly lowered into the plant chamber to stand on a grid above a
circulating fan (Figure 7.2). The temperature of the plant chamber was controlled by
means of a water jacket supplied by a Grant instruments (Cambridge) SB3 water cooler
equipped ith a refrigerated coil and a thermostatically-controlled heater/stirrer unit. The
addition of solid ice to the vater cooler brought the ambient temperature of the chamber to
a level similar to that in the field (c.12°C). The light source was a 1000W sodium lamp,
operating at a photon flux density of c.700J.Lmol m 2 s 1 . Air flows through the IRGA were
as shown in Figure 7.2. The rate of flow through the analysis and reference cells were kept
approximately equal at all times. Flow rate of the air through the plant chamber, necessary
for the calculation of net carbon dioxide uptake and ultimately, photosynthetic rate, was
measured by means of a variable-area flowmeter (Figure 7.2).
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In each case, prior to measurement of gas exchange, the IRGA was allowed to run at zero
set-up for approximately 10 minutes to acclimate the turf and to flush out any carbon
dioxide remaining from the previous run. Fluctuations in carbon dioxide levels were
recorded by a BBC Servogor 120 pen recorder. During each analytical nm, the IRGA was
left running until the reading on the pen recorder began to level off, signifying that the turf
within the plant chamber had reached equilibrium. Net photosynthetic activity was
signalled by an uptake of carbon dioxide and an associated negative deflection on the
differential scale of the IRGA. Where there was no net photosynthesis, carbon dioxide was
expelled and there was a positive deflection on the differential scale.
Leaf area determination
Photosynthetic rate is most correctly expressed as tg CO2 m 2 s 1 . Although each
experimental turf conformed to a uniform surface area of 13cm x 13cm and it would,
therefore, be valid to express photosynthetic rate per unit area of turf; turves from different
sub-communities were characterized by different species composition and different
vegetation densities. To determine the photosynthetic rate of each experimental turf, it
was, therefore, necessary to obtain a measure of total leaf area for each turf. The
vegetation was trimmed to soil level using scissors and the total leaf area of each turf was
determined using a T area measurement system (Delta-T Devices Ltd., Cambridge)
connected to a JVC TK-53 10 video camera. Bryophytes, and dead, senescing and diseased
plant material, were disregarded as their contribution to total turf photosynthesis was
considered negligible.
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Calculation ofphotosynthetic rate
Photosynthetic rate, expressed as jig CO2 m 2 s 1 , was calculated according to the equation:
(nx'\ (44
I	 lxi
..106) '22.4
total leaf area
x 60000 x 63
where:	 fl = number of parts per million of carbon dioxide taken up (or given out),
X = air flow rate per minute through plant chamber.
Where no net photosynthesis occurred, the amount of carbon dioxide discharged was also
expressed as jig CO2 m 2 s 1 . Although this is not a true measure of the respiratoiy rate of a
turf as such rates are generally expressed as a function of plant dry mass, the time
allocated for IRGA investigations at Aberystwyth was not sufficient to record the total
plant biomass on each experimental turf. However, expressing the amount of carbon
dioxide discharged as a function of leaf area permits a comparison of these values with
those calculated for photosynthesis and provides a measure of the flux of carbon dioxide
across the leaf area of each turL
7.3.3.3 Statistical analysis of results
The effects of sub-community type, duration of burial and time since denudation on net
carbon dioxide exchange rates were examined statistically by two-way analysis of variance
(ANOVA).
7.4 RESULTS
Net carbon dioxide exchange rates for all sub-community and treatment combinations are
presented in Table 7.1. Negative values indicate a net uptake of carbon dioxide and hence
represent net photosynthetic activity. Turves exhibiting positive values showed no net
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uptake of carbon dioxide and hence no net photosynthesis. Positive carbon dioxide
exchange rates represent net respiration.
Table 7.1 Net carbon dioxide exchange rates of four machair sub-communities in response to different
burial regimes where: FD = foredune grassland; Slack = dune slack; 3F = three-year fallow grassland; UP
unploughed grassland; LB = buried for 6 weeks; SB = buried for 2 weeks; 16-20h = 16-20 hours after
denudation; 40-44h = 40-44 hours after denudation.
Sub-community	 Replicate	 Carbon dioxide exchange rate (rig CO 2
 m 2 s1)
Treatment
Control	 LB	 LB	 LB	 SB	 SB
Buried	 16-20h	 40-44h	 16-20h	 40-44h
FD	 I	 -158	 014	 065	 072	 432	 003
2	 -237	 014	 -022	 020	 436	 -034
3	 -24	 014	 403	 -058	 009	 002
Slack	 I	 -l75	 029	 000	 478	 010	 028
2	 -199	 038	 009	 020	 002	 002
3	 -201	 035	 000	 071	 008	 019
3F	 /	 -079	 017	 451	 009	 -018	 466
2	 -216	 018	 410	 053	 021	 -011
3	 -231	 024	 470	 030	 439	 -017
UP	 /	 -165	 007	 415	 -015	 461	 -036
2	 -1 94	 004	 -065	 481	 -012	 409
3	 -1 61	 0 07	 053	 478	 457	 453
To facilitate the interpretation of the data, and to enable comparisons of carbon dioxide
exchange rates betveen unburied turves and turves at different stages of recovery following
denudation, the data presented in Table 7.1 are presented graphically in Figure 7.3. The
large size of the error bars representing 9500 confidence intervals can be partly attributed to
the fact that IRGA measurements were carried out on three replicate turves only for each
treatment. Additionally, turves within the same sub-community subjected to the same
treatment did not always show uniform responses in terms of net carbon dioxide exchange
(Table 7.1). This variability in response between replicate turves is reflected by the plotted
error bars which, in some cases, cross the x-axis, indicating that replicate turves showed
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both positive and negative carbon dioxide exchange (Figure 7.3).
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Figure 7.3 Mean net carbon dioxide exchange rates of four machair sub-communities in response to
different burial regimes (a) foredune (FD) grassland, (b) slack; (c) three-year fallow (3F) grassland; (d)
unpioughed (UP) grassland Where: C control turves; B = buried turves; LB = turves buried for 6 weeks:
SB turves buried for 2 weeks, 16-20 16 to 20 hours after denudation; 40-44 = 40 to 44 hours after
denudation Error bars represent 95°o confidence Lntervals. n - 3.
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Within each sub-community, the greatest net photosynthetic activity (as indicated by a net
uptake of carbon dioxide and a negative exchange rate value) occurred for the control
turves (Figure 7.3). With the exception of turves taken from the three-year fallow (3F)
sub-community, unburied control turves had significantly greater net photosynthetic rates
than buried turves (B) (p<OO5) (Figure 7.3). However, two-way ANOVA indicated that all
control turves showed a significantly higher net exchange of carbon dioxide than turves
buried by 2cm of sand (ANOVA,f = 209147, d.f. = 1, p = 000; Table 7.2). Rates of
carbon dioxide exchange of control and buried turves were not significantly different
between sub-communities (ANOVA,f= 0463, d.f. = 3, p>OO5; Table 7.2).
Table 7.2 Two-way ANOVA for the effects of sub-community type and burial
regime on the net photosynthetic rate of machair vegetation.
Source	 d.f. fstansuc	 criticalf	 p-value	 significance
sub-community	 3	 0463	 3-239	 0-712	 n.s.
bunal	 I	 209-747	 4494	 1-29 x 10.10	 p = 0OO
interaction	 3	 0 658	 3-239	 0589	 n.s.
The period of time since denudation had no significant effect on the net carbon dioxide
exchange of turves previously buried for 6 weeks (LB treatment) (ANOVA,f= 0-099, d.f.
I, p>0 05; Table 7.3 and 95°o C.!., p>0-05; Figure 7.3). Rates of net carbon dioxide
exchange between sub-communities were also not significantly different (ANOVA, f =
I -028, d.f. 3, p>005 Table 7.3).
Table 73 Two-way ANOVA for the effects of sub-community type and time since
denudation on the net photosynthetic rate of machair vegetation buried for 6 weeks.
Source	 d.f. fstatistic criticalf	 p-value	 significance
sub-community	 3	 1028	 3-239	 0406	 n.s.
time	 I	 0099	 4494	 0-757	 n.s.
interaction	 3	 1-686	 3-239	 0-210	 n.s.
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Net carbon dioxide exchange of turves previously buried for 2 weeks (SB treatment) were
not significantly different at 16-20 hours following denudation than at 40-44 hours
following denudation (ANOVA, f = 0083, d.f = 1, p>OO5; Table 7.4 and 95% C.I.,
p>OO5; Figure 7.3). However, rates of exchange following denudation differed
significantly between different machair sub-communities (ANOVA, f = 4711, d.f. = 3,
p<O.Ol ; Table 7.4).
Table 7.4 Two-way ANOVA for the effects of sub-community type and time
since denudation on the net photosynthetic rate of machair vegetation buried for
2 weeks.
Source	 d.f. fstatistic	 criticaif p-value	 significance
sub-community	 3	 4711
	
3239	 OO15	 p<o.ol
time	 1	 OO83
	
4 .494	 O776	 n.s.
interaction	 3	 O6O2
	
3239	 0623	 n.s.
Application of Fisher's LSD test (Chapter 6, Section 6.4.2.3) illustrated that although the
net carbon dioxide exchange rates of the foredune (FD), three-year fallow (3F) and
unploughed (UP) grassland sub-communities were not significantly different from one
another (LSD interval, p>OOS; Figure 7.4), slack turves had a significantly lower net
exchange than both the 3F and UP turves (LSD interval, p<OO5; Figure 7.4).
?igure 7.4 Plot of mean net carbon dioxide exchange and Fisher's LSD interval
hr four machair sub-communities. Where: 3F = three-year fallow grassland; FD
bredune grassland; Slack = dune slack; UP = unpioughed grassland. n 3.
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Duration of burial by sand prior to denudation had no significant effect on the net carbon
dioxide exchange rate of turves uncovered for 16-20 hours (ANOVA, f = 0-346, d.f. = 1,
p>0O5; Table 7.5 and 95% C.!., p>O-O5; Figure 7.3) or for turves uncovered for 40-44
hours (ANOVA,f= 0-450, d.f. = 1, p>O05; Table 7.6 and 95% C.L, p>O-O5; Figure 7.3).
Table 7.5 Two-way ANOVA for the effects of sub-community type and burial
regime on the net photosynthetic rate of machair vegetation denuded for 16-20h.
Source	 d.f.	 fstatistic	 criticalf	 p-value	 significance
sub-community	 3	 1-457	 3-239	 0-264	 n.s.
duration	 I	 0-346	 4-494	 0-564	 n.s.
interaction	 3	 1-3365	 3239	 0-289	 n.s.
Net exchange rates were not significantly different between sub-communities at either 16-
20 hours following denudation (ANOVA,f = 1457, d.f. = 3, p>O-O5; Table 7.5) or at 40-44
hours following denudation (ANOVA,fr 2145, d.f. = 3, p>0-05; Table 7.6).
Table 7.6 Two-way ANOVA for the effects of sub-community type and burial
regime on the net photosynthetic rate of machair vegetation denuded for 40-44h.
Source	 d f. fstausuc cnucaif	 p-value	 significance
sub-community	 3	 2145
	
3-239
	
0-135	 n.s.
durauon	 I	 0450
	
4494
	
0-5 12	 n.s.
interaction	 3	 I 308	 3 239	 0-306	 n.s.
Rates of carbon dioxide exchange of 3F turves for all combinations of burial duration and
time since denudation ere not sgnificantly different from control exchange rates (950 o
C.I., p>005; Figure 7.3c). FD and UP grassland turves, previously buried for 6 weeks (LB
treatment), did not show significantly different rates of carbon dioxide exchange to the
control turves at either 16-20 hours or 40-44 hours following denudation (95° o C.!.,
p>O-05; Figures 7.3a and 7.3d, respectively). However, carbon dioxide exchange rates of
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FD and UP grassland turves previously buried for 2 weeks (SB treatment) were
significantly different from control rates at both 16-20 hours and 40-44 hours following
denudation (95% C.!., p<OO5; Figures 7.3a and 7.3d, respectively). With the exception of
LB turves at 40-44 hours after uncovering, carbon dioxide exchange rates of slack turves of
all burial duration and time since denudation combinations, were significantly lower than
control rates (95% C.!., p<OO5, Figure 7.3b).
7.5 DISCUSSION
The net photosynthetic capacity of all machair sub-communities was completely inhibited
by a 2cm layer of sand, confirming that no photosynthesis is possible during burial. Harris
and Davy (1988) found that the net photosynthesis of Elytrigiajuncea after two days of
complete burial was 30° o lower than unburied controls. Net photosynthesis was reduced
nearly to zero by five days of complete burial (Harris and Davy, 1988). On this basis, it is
probably correct to assume that the buried machair turves had shown no active
photosynthesis for a period of 4-5 weeks and the positive carbon dioxide exchange rates
recorded for each sub-community can, therefore, be taken as a true measure of dark
respiration. Reduced dark respiration rates are an adaptation of severely shaded plants,
particularly as a survi'aI mechanism during periods of temporary stress (Fitter and Hay,
1987; Salisbury and Ross, 1992). The low dark respiration rates recorded for the machair
sub-communities may, therefore, represent a maintenance response to burial. However the
possibility of ox>gen stress due to an alteration of the microenvironment (Maun, 1994)
should not be ignored.
Within sub-communities, different burial durations and periods since denudation, had
similar effects on photosynthetic rates; the only significant differences recorded being those
between the photosynthetic rates of control and experimental turves. Control turves from
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all four sub-communities exhibited comparable photosynthetic rates. However, the effects
of burial (in terms of the ability of a sub-community to recover following inundation) were
variable between sub-communities.
Relative to other sub-communities, slack turves showed poor recoveiy from both burial
regimes. Slack turves previously subjected to burial for 6 weeks (LB) showed no net
photosynthetic activity at 16-20 hours following denudation,, although by 40-44 hours after
denudation the turves were photosynthesizing at a rate comparable to controls. However,
for those turves subjected to burial for 2 weeks (SB), carbon dioxide uptake was still
significantly lower than that of control turves even at 40-44 hours after denudation and no
net photosynthesis was recorded at either stage of denudation. The poor photosynthetic
response of the slack turves relative to turves from other sub-communities must have been
due to the inherent species composition of the slack sub-community. The investigation
detailed in Chapter 6 indicated that slacks are comprised of species with characteristically
poor burial tolerances, for example, Juncus articulatus, Lychnis flos-cuculi and Holcus
lanatus (Chapter 6, Section 6.4.2.2). It is likely, therefore, that burial resulted in a greater
loss of biomass from slack turves than from turves of other sub-communities. This loss of
biomass, specifically in the form of dead and senescing leaf matter, would clearly reduce
the capacity of the slack turves for efficient photosynthesis, ultimately leading to a poor
photosynthetic response.
Machair dune slacks are routinely flooded during the winter months (Gimingham, 1964):
vhereas wacerlogging is a temporally-predictable stress in the slack environment, burial is
less so. The relatively poor photosynthetic recoveiy of the slack turves following burial
may, therefore, be additionally due to the fact that the mechanisms of photosynthesis in
slack species are primarily adapted to the waterlogging which inevitably occurs during
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winter. It is possible that, in the machair dune slack vegetation, physiological and
biochemical adaptation of the photosynthetic apparatus to waterlogging has precluded the
development of specialized adaptations to the effects of burial by sand.
The foredune (FD) and unploughed (UP) grassland sub-communities showed slightly better
photosynthetic recovery following burial. By 16-20 hours after denudation, the
photosynthetic activity of LB turves from both sub-communities had reached a level
comparable to control turves. However, FD and UP turves, subjected to the SB treatment,
were unable to achieve photosynthetic rates comparable to the corresponding controls, even
at 40-44 hours after denudation. In contrast, the three-year fallow grassland (3F) sub-
community made good photosynthetic recovery following burial and both SB and LB
turves showed comparable photosynthetic rates to those of the control turves at 16-20 hours
after denudation. However, the apparently rapid recovery of the 3F sub-community
fo!Ioing burial should be viewed with caution, as it is possible that the variable nature of
the data for the control turves, and the resulting wide 95% confidence intervals, have partly
masked the true photosynthetic responses of the experimental turves.
Oerall, i here differences existed within a sub-community between the control and LB
photosynthetic rates and between the control and SB photosynthetic rates (i.e. FD, UP and
slack sub-communities), turves subjected to the SB treatment took longer than LB turves to
achieve photosynthetic rates comparable to controls, although differences in recovery time
berveen SB and LB treatments were not significant. This observation may appear
surprising in light of the knowledge that the time taken for a plant to reactivate
photosynthesis by repair mechanisms, following removal of a stress factor, is generally in
proportion to the duration of stress (Larcher, 1995). However, the more rapid recovery of
LB turves, in comparison with SB turves, may be attributed to the fact that the former were
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exposed to a longer period of burial stress, which would have resulted in a greater
utilization of stored carbohydrate reserves. The relationship between photosynthetic
activity at sites of carbohydrate production ('sources', notably photosynthesizing leaves)
and the demand for photosynthate at sites of carbohydrate consumption ('sinks' such as
growing apices, meristems and leaves) is well-documented (e.g. Salisbury and Ross, 1992;
Canny, 1984). Plant sources and sinks are inter-related, so that an increase in 'sink
strength' (i.e. demand for photosynthate) leads to an associated increase in 'source
strength' (i.e. production of photosynthate). It is likely, therefore, that the depletion of
stored carbohydrate in the LB turves during burial resulted in an increase in sink strength
which, on re-exposure of the photosynthetic tissue to light on denudation, led to a rapid re-
instatement of source activity.
Although, as described above, photosynthetic rates of uncovered SB and LB turves were
not ahays comparable to controls, all sub-communities, with the major exception of the
slack, exhibited some degree of positive photosynthesis at most stages of denudation.
Clearly, the photosynthetic functioning of machair vegetation is capable of an elastic
response to burial. Individuals of E. juncea exhibited a similar recovery of photosynthetic
competence after complete burial with sand (Harris and Davy, 1988). Previously-buried
indis iduals shoed a net photosynthetic rate similar to that of unburied controls at 24 hours
following denudation (Harris and Davy, 1988). The dune grasses Ammophila breviligulata
and Ca/arnoi'ilfa IongfoIia exhibited an even more efficient photosynthetic response to
burial by sand. Seedling and adult individuals showed a higher net carbon dioxide uptake
after emergence from sand compared to unburied controls (Yuan et a!., 1993).
The cessation of photosynthesis during burial, followed by a resumption of activity on
denudation, indicates that there was no physical deterioration of the photosynthetic
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apparatus of machair vegetation as a result of burial. It is more likely that burial resulted in
the reduction of levels of inducible photosynthetic enzymes (e.g. ATPases) within the
chioroplasts. Re-exposure to light on removal of the sand layer would, therefore, have
stimulated the production of new enzymes and the subsequent re-activation of
photosynthetic mechanisms. Morphological changes in response to burial are well-
documented (Chapter 6) and can have pronounced effects on a plant's physiological
functioning. Changes in leaf morphology in response to burial, for example, have obvious
implications for photosynthetic efficiency. Disraeli (1984) and Yuan et a!. (1993) reported
an increase in leaf width, and hence a larger leaf area for the interception of radiation, in
buried dune grasses. An increase in leaf thickness, resulting in an increased number of
photosynthetic bundle sheath cells and more efficient absorption of light energy has also
been recorded in buried plants (Yuan el a!., 1993). Additionally, Disraeli (1984) found that
the concentration of chlorophyll in leaves of A. breviligulata increased as a result of burial
with sand. Although these factors were not considered during this investigation, the
possible role of morphological changes in aiding the plants' photosynthetic recovery
folloing denudation, should not be discounted.
7.6 SUMMARY
. Buried turves were characterized by a low dark respiration rate which may represent a
maintenance response to burial by sand.
. On removal of the sand layer, each machair sub-community showed the capacity for an
elastic photosynthetic response to burial.
. There were no real differences between the effects of 2 (SB) and 6 (LB) weeks burial on
the photosynthetic efficiency of machair vegetation, although turves subjected to burial
for 6 weeks generally attained photosynthetic rates comparable to control rates sooner
than turves buried for 2 weeks.
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• Photosynthetic responses to burial varied between sub-communities, with the slack
turves exhibiting the poorest capacity for recovery within the investigated 44 hour
period.
• In the machair environment the ability to maintain photosynthetic equipment whilst
buried, and the ability to bring about a relatively rapid reinstatement of photosynthetic
mechanisms on emergence or exposure, is an important adaptation for survival and
represents a plant's need to replenish carbohydrate reserves before the next burial event.
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CHAPTER 8
GENERAL DISCUSSION
8.1 INTRODUCTION
This thesis has explored the plant ecology and community dynamics of two South Uist
machair systems, Kildonan and Drimsdale, both of which possess great ecological and
conservation value. The central aim of the research presented here was to reach an
understanding of the ecology and community dynamics of selected machair plant sub-
communities, in response to both anthropogenic and environmental disturbance, with the
ultimate aim of aiding their conservation. To meet this primary aim, the programme of
study focused on the satisfaction of a number of convergent sub-aims, the first of which
was to describe the species composition and spatial distribution of vegetation types in both
machair systems with reference to local environmental factors. Reaching an understanding
of human impacts and the effects of anthropogenic disturbance on machair vegetation was
the second sub-aim of the thesis. This part of the research, therefore, aimed to describe and
define agriculturally-influenced vegetation types phytosociologically and to characterize
and compare the species associations and vegetation processes of cultivated and non-
cultivated machair. The third sub-aim concerned the impacts of environmental disturbance
on the ecology and community dynamics of machair vegetation: the objective was to
describe and quantify the effects of burial by sand on the immediate survival and recovery,
and on the long-term photosynthetic functioning, of four selected machair sub-
communities. The final sub-aim was to describe the seed dynamics of machair vegetation
in order to determine the potential of machair seed banks and seed rain as sources of Fe-
colonizing materials following anthropogenic and environmental disturbance.
8.2 MAIN FINDINGS OF THE THESIS
Identification and description of the major plant communities and sub-communities at
Kildonan and Drimsdale (Chapter 3) satisfied the first sub-aim of the thesis and indicated
that Hebridean machair systems typically encompass a wide diversity of vegetation types.
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Few detailed phytosociological investigations have been undertaken on Hebridean machair
systems (Owen et a!., 1996) and the plant community descriptions presented in Chapter 3,
therefore, represent a substantial contribution to knowledge of machair plant community
variation on the islands of the Outer Hebrides. However, the botanical characteristics of
communities identified from Kildonan and Drimsdale, and their spatial distribution along a
primary environmental gradient of soil organic matter, soil moisture and soil pH (Chapter
3), agreed well with the available phytosociological literature (e.g. Kent et a!., 1994; 1996;
Gilbertson et a!., 1995). Chapters 3 and 4 both highlighted the existence of an important
link between contemporary machair plant communities and machair management histories.
Chapter 3 identified agriculturally-influenced vegetation types, including old lazy-bed
successions, abandoned field systems, fallows and newly-cultivated areas, as representing a
significant component of both Kildonan and Drimsdale machair systems. The traditional
crofting methods of cultivation (see Chapters 2 and 4) that are in operation on South Uist
clearly encourage the creation of species-rich, agriculturally-influenced sub-communities.
Human agricultural disturbance, therefore, plays a significant role in the Kildonan and
Drimsdale machairs and is directly related to the floristic variation observed at both sites.
The findings of Chapter 4, meeting the second sub-aim of the thesis, reflect those of
Chapter 3, confirming that agriculture is an important factor in increasing the botanical
diversity of Hebridean machair systems. Historically, agriculture has played an integral
part in the development of Scottish machairs and it is certain that the Hebridean machairs
would not exist in their present form without the influences of past agricultural
management, including grazing by domestic animals, ploughing and lazy-bedding (e.g.
Randall, 1983; D.A.F.S., 1989). Ingrouille (1995) describes the machairs of Scotland as an
example of how human activity can modify vegetation and suggests that floristic
differences between Scottish and Irish machairs (e.g. Akeroyd and Curtis, 1980; Bassett
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and Curtis, 1985) are largely related to the continuing importance of human influence in
the former. Although agricultural usage of Scottish and Irish machairs was comparable
until the end of the nineteenth century (Angus, 1994), it is likely that the potato famine was
instrumental in the decline of the cultivation of the machairs of Ireland.
Burial of vegetation by wind-blown sand, as a result of the deflation of coastal dunes
during severe weather and/or agricultural activity, is commonplace on the machairs of
South Uist (Chapter 1). The results of glasshouse- and laboratory-based investigations
(Chapters 6 and 7) illustrated that machair sub-communities have the ability to survive and
re-emerge from burial events which occur as a result of the deposition of sand. Burial by
intermittent deposition of sand was found to be more damaging than a single burial event:
results of the burial investigations indicated that re-emergence of intermittently-buried
machair vegetation would have failed had the depth of deposited sand exceeded 5cm
(Chapter 6). The critical depth of burial for intermittent deposition, therefore,
approximates to 5cm of sand. However, machair vegetation recovered well from a single
deposition of 5cm, indicating that the critical depth of burial for a single deposition is
greater than 5cm of sand (Chapter 6).
The species composition of the selected sub-communities was not significantly affected by
either intermittent or single burial events, indicating that, within any one sub-community,
burial had a greater effect on the numbers of individual plants than on the number of plant
species. The selected sub-communities, therefore, primarily responded to both intermittent
and single burial events through changes in abundance rather than through changes in
species composition and richness (Chapter 6). Species within the four investigated
machair sub-communities showed different patterns of response to both intermittent and
single depositions of sand. A total of five different species response patterns were
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distinguished:
• Type 1 species remained relatively unaffected by burial,
• Type 2 species were stimulated to emerge following burial,
• Type 3 species made a successful post-burial recovery,
• Type 4 species showed an overall decline in frequency following burial,
• Type 5 species showed no post-burial survival.
Any one species' response to burial varied both between sub-communities and in response
to different burial regimes (Chapter 6). However, on the whole, species most commonly
exhibiting a Type 5 response were bryophytes: this was assumed to result from the fact that
dune mosses are generally unable to withstand burial at depths greater than 3-4cm. Within
any one sub-community, Type 3 species were typically perennials and possessed the
highest pre-burial frequencies, determining the pattern of post-burial recovery of the sub-
community as a whole. Species showing a Type 2 response are assumed to have been
recruited from a buried soil seed or soil bud bank and were least frequent in turves taken
from the dune slack habitat. The infrequency of Type 2 responses on the slack turves was
assumed to be due to the fact that the propagules of slack species rely on cues such as
waterlogging to break dormancy and initiate germination. However, the spatial distribution
of different machair sub-communities is not determined by the burial tolerances of their
constituent species.
The results of investigations detailed in Chapter 7 indicated that no photosynthesis is
possible during burial. Survival during burial was due to a low dark respiration rate,
representing a maintenance response to burial. The photosynthetic functioning of machair
vegetation exhibited an elastic response to burial: photosynthetic activity was resumed on
denudation. Vegetation turves buried for 2 weeks typically took longer than turves buried
for 6 weeks for photosynthesis to re-attain pre-burial levels, an observation attributed to the
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greater need of the turves buried for 6 weeks to 're-stock' impoverished carbohydrate
reserves.
The findings presented in Chapters 6 and 7 are important for two reasons. Firstly, they
represent an initial attempt to describe the effects of burial at the level of the community.
Secondly, they represent a significant step towards the understanding of the nature and
origins of the geomorphic phenomenon known as 'machair stratification' (Gilbertson et al.,
1995; 1 996b) and signify the first efforts to explore critical depths of burial for machair
vegetation, and the physiological traits that permit survival during and successful
emergence following inundation by sand.
Literature relating to sand dune seed dynamics is limited and there have been no previous
accounts of machair seed dynamics. Chapter 5, therefore, represents the first detailed
description of the qualitative and quantitative composition of machair seed budgets.
Buried soil seed banks were small and temporally stable with no perceivable seasonal
trends in either size or composition. The species composition of the seed banks of different
machair sub-communities did not differ widely and this uniformity was attributed to the
widespread influences of agriculture on machair systems. However, the machair seed rain
was prone to temporal variations dictated by seasonal differences in the seed dispersal
patterns of individual machair species. Comparisons of seed bank and seed rain data from
the investigated machair habitats with published values from equivalent areas in other
ecosystems indicated that the densities of seeds in the machair seed banks and seed rain
were very low. Sexual reproduction via seed was, therefore, relatively restricted within the
investigated machair systems (Chapter 5). Machair seed banks and seed rain are, clearly,
poor sources of propagules for re-colonization following anthropogenic and/or
environmental disturbance and it is hypothesized that the majority of re-vegetation occurs
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through vegetative means (Chapter 5). This latter observation re-affirms the finding,
described in Chapter 4, that the majority of re-vegetation and re-colonization following
anthropogenic disturbance takes place through clonal growth and vegetative reproduction.
Overall, the research presented in this thesis identified some particular adaptive traits of
machair vegetation which are associated with tolerance of both environmental and
anthropogenic disturbances. The vegetation of the foredune (FD), three-year fallow (3F)
and unploughed (UP) grasslands, in particular, illustrated selection for positive adaptations
to burial, exhibiting the capacity to tolerate both intermittent and single depositions of
sand, to suspend photosynthetic functioning during burial and to re-activate normal
photosynthetic mechanisms via an elastic response on re-emergence. Furthermore, the
Type 1, 2 and 3 species responses to burial were most frequent in the 3F, FD and UP
grasslands, respectively. Perennial species were identified as the most important
components of these machair sub-communities, and possessed an increased ability to
withstand the effects of burial by sand relative to species showing other life-history
strategies. Vegetative reproduction was more prevalent than sexual reproduction via seed
and this trait is assumed to confer a particular advantage for the rapid re-colonization and
stabilization of bare sand surfaces following disturbance. In terms of carbon costs,
vegetative reproduction is typically less expensive than sexual reproduction (Crawford,
1989), and the selection for vegetative reproduction may, therefore, represent an adaptation
to conserve carbohydrate reserves in the unpredictable, frequently-disturbed machair
habitat. The widespread occurrence of vegetative reproduction in the machair exemplifies
convergent selection (Ingrouille, 1992), as the overriding influences of agriculture and
burial have led to the evolutionary selection for this characteristic throughout many
different machair vegetation types.
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Throughout the detailed ecological and physiological investigations described in Chapters
5, 6 and 7, the vegetation of the dune slack sub-community consistently exhibited subtly
different characteristics to those of the PD, 3F and UP grasslands. In terms of seed
dynamics, the slack sub-community was distinguished from the PD, 3F and UP grasslands
by the relative temporal stability of its seed rain and the differences in composition
between its seed bank and seed rain (Chapter 5). Although the slack vegetation exhibited
some capacity to withstand burial by sand, it was characterized by a significantly lower
tolerance to intermittent burial by sand than any of the other three sub-communities
investigated and was dominated by species with a poor ability to recover following burial
(Types 4 and 5) (Chapter 6). Slack vegetation also showed a poor photosynthetic response
to burial relative to the other three vegetation types, and after 2 weeks' burial by sand was
incapable of achieving net photosynthesis even at 40-44 hours after removal of the stress
(Chapter 7).
Although these variations can perhaps be partly attributed to differences in hydrology and
soil chemistry, the historical ecology of the machair must be a significant factor.
Historically, the FD, 3F and UP grasslands will have been subject to anthropogenic
disturbance. For example, although the area of unploughed grassland at Drimsdale has not
been cultivated in recent times, it is certain to have been ploughed at some point in the long
and inextricable association which exists between humans and the machair. In addition, it
is likely that all three grasslands have a history of winter grazing by domestic animals. The
actions of grazing animals and human agricultural activity are known to encourage
deflation of the sandy sediments of the machair (Gilbertson et al., 1995), resulting in an
increased risk of burial. The uniformity of response to burial and the analogous seed
dynamic characteristics of the investigated grassland areas can, therefore, be hypothesized
to be a direct consequence of all three vegetation types having been historically prone to
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similar agricultural and burial disturbances.
In contrast, their low-lying enclosed topography, in addition to their characteristic high
water tables, preclude extensive agricultural activity in the machair dune slacks.
Furthermore, during the winter months when grazing by domestic animals takes place on
the machair, and during early spring when the machair is ploughed, the slacks are flooded
and the vegetation is under water. Consequently, it is assumed that the dune slack
communities have not historically been subject to the same degree of grazing and/or
cultivation pressures as the grassland areas of the machair systems. In addition, although
burial events due to natural re-mobilization of sand, for example as a result of storms,
would be as common in the dune slacks as in other areas of the machair, the burial
associated with agricultural disturbance would not occur as extensively, if at all. The role
of cultivation in the history of Hebridean machair is suggested to be instrumental in the
formation of the phenomenon of machair stratification (Gilbertson et a!., 1995). Due to the
machair plain being the most intensively cultivated part of Flebridean systems, it is
subjected to the increased sand movement and burial assumed to cause conspicuous
machair stratification in this area (Gilbertson et a!., 1995). It is likely that excavations of
the sediments of less favourable areas for cultivation, including the dune slacks, would,
therefore, reveal fewer examples of machair stratification. The distinct vegetation and the
associated variation in seed dynamics and burial response of dune slacks may, therefore be
due to the fact that the soils and vegetation of the slacks have remained relatively
unmodified compared with other areas of the system. However, the possibility that the
effects of seasonal flooding, and the consequent selection for adaptation to waterlogging,
overrides the effects of, and evolutionary selection for adaptation to, anthropogenic
disturbances should not be discounted.
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8.3 IMPLICATIONS OF THESIS FINDINGS FOR MACHAIR MANAGEMENT
AND CONSERVATION
Machair landforms, their landscape and vegetation are rare, unique and globally-important
(Chapters 1 and 2) and the phytosociological surveys detailed in Chapters 3 and 4, identify
South Uist machairs as botanically-diverse systems, characterized by an array of species-
rich plant communities and sub-communities. The conservation value afforded to the
South Uist machair ecosystems (e.g. Angus, 1994; 1996; Crawford, 1997) cannot be
disputed. Although the machairs of South Uist, through the appointment of
Environmentally Sensitive Areas (ESAs), Sites of Special Scientific Interest (SSSIs) and
National Nature Reserves (NNRs) (Chapters 1 and 2), have been afforded some protection
on a broad scale, there is also need for more 'refined', smaller-scale conservation and
management measures relating to specific vegetation types if the quality of the machair
resource is to be preserved.
The machairs of South Uist have a long histozy of association with both humans and the
Outer Hebridean environment and it has been suggested (e.g. Boyd and Boyd, 1990;
Gilbertson ci al., 1995; 1996a; Angus, 1996) that the machair ecosystem, its
geomorphology and ecology have evolved and developed as a result of the interplay
between natural forces and human influence. This long and productive relationship that
exists between the machair, the Hebridean people and the Hebridean environment, suggests
that the successful conservation of the floristically-diverse South Uist machairs lies in the
understanding of their historical ecology, and in particular, in their past management and
environmental histories.
The main findings of this thesis have re-affirmed the importance of the interaction between
environmental and anthropogenic influence in shaping the evolution of the machair
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vegetation, its ecology and dynamics. Specifically, the research presented here indicated
that the vegetation dynamics of three species-rich dry grassland areas [i.e. the foredune
(FD), three-year fallow (3F) and unpioughed (UP) grasslands] in the Kildonan and
Drimsdale machair systems have been shaped by the historic influences of agriculture and
burial by sand (Section 8.2). The physiological and ecological adaptations identified
during the course of the research, including burial tolerance and the evolutionary selection
for vegetative reproduction, are assumed to have arisen as a result of the lengthy
association between South Uist machairs and these anthropogenic and environmental
influences.
The significance of agriculture in the Hebridean machairs has been well-documented (e.g.
Randall, 1983; D.A.F.S., 1989; Boyd and Boyd, 1990; Angus, 1994; 1996) and it is widely
recognized that the patterns of traditional Scottish crofting cultivation imposed on machair
systems have partly shaped the development of their landform and vegetation. Agricultural
interference is important with regards the aesthetic value of the machair: the established
methods of cultivation result in the formation of species-rich vegetation types, including
colourful fallows and diverse old-field successions (e.g. Crawford, 1990; Chapter 4).
Although Chapters 3 and 4 detailed the vegetation and environmental characteristics of
some of these species-rich sub-communities, there is a need for detailed, rigorous survey of
the machair sub-communities arising as a result of agricultural influences including
ploughing for cereal cultivation and lazy-bedding for the production of potatoes. However,
some indication of the diversification of machair vegetation as an immediate result of
agricultural management is presented in Figure 8.1, which compares the vegetation types of
a 'typical' Scottish dune system with that of a representative South Uist machair system.
Based on phytosociological information presented in Chapters 3 and 4, Figure 8.1
illustrates the types of agricultural management typically imposed on different areas of the
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Figure 8.1 Comparison of vegetation types found in a typical Scottish dune system ( based on NVC
classifications listed in Dargie, 1993) with those found in a representative South Uist machair system. Where: KD
= Kildonan vegetation survey, June 1995 (Chapter 3); D Drimsdale vegetation survey, July 1996 (Chapter 3);
DC = Drimsdale cereal agriculture survey, July 1996 (Chapter 4); and KDPP = Kildonan potato patch survey, July
1996 (Chapter 4).
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machair, and highlights the sub-community types which commonly arise as a result of
these agricultural disturbances. 	 Clearly, in the machair ecosystem, agricultural
interferences have played a formative role in increasing the range of plant sub-
communities, and, in particular, the SD8 fixed dune grassland vegetation on the machair is
characterized by a diversity of vegetation types which are absent from the typical dune
system (Figure 8.1).
Crofting in the Outer Hebrides is typically a part-time occupation, which does not provide
enough financial output to wholly sustain the population or the local economy. Most
members of the Hebridean crofting communities, therefore, have full-time employment in
other industries, notably fishing and tourism (Ritchie, 1991), and there has been a decline
in crofting activity since the mid-1950s (Caird, 1979). If the botanical diversity of the
machair is to be maintained, there is a need to encourage the continuance of traditional
crofting methods in those areas which have, historically, been subject to these agricultural
influences. The need to maintain a degree of human intervention to effect successful
conservation of machair vegetation may appear to be something of a paradox if the
definition of 'conservation' is taken literally. 'Conservation' may be defmed as:
"Protection of natural ecosystems from the hand of man with the intention of preserving
them as heritage or as a practical gene-bank" (Chambers Science and Technology
Dictionary, 1991).
Indeed, the majority of the lay population, gaining most of their information on
conservation matters via the media, would probably consider the influence of human
activity to be the most damaging to the natural environment. In the context of machair
diversity, however, human influence in the form of agricultural activity is essential to
maintain floristic richness and landscape importance. Angus (1996) maintains that a
decline in traditional cultivation is probably the greatest agricultural threat to the machairs
of the southern Outer Hebrides. However, it is vital that fanning activity is restricted to
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traditional Hebridean methods, since the adoption of more modern agricultural methods
will undoubtedly have critical implications for the survival of the machair.
Modern machinery ploughs deeper than the traditional shallow ploughs of crofters (Grant,
1979). Deep ploughing completely destroys the surface vegetation, resulting in desiccation
and disintegration of the turf, and ultimately limiting the capacity for re-colonization of the
bare sand by vegetative means. Re-colonization by machair species following ploughing
occurs primarily through vegetative processes (Chapter 4); a response which permits rapid
re-vegetation of traditionally cultivated shallow ploughed sites. Observations during the
course of the investigation described in Chapter 4, indicated that the processes of
vegetative re-colonization were in operation at 10 days after ploughing, and some species,
e.g. Festuca rubra and Agrostis stolonfera, had reached a relatively advanced stage of
recovery c. 3 weeks after cultivation. Intensive farming also encourages the use of agro-
chemicals to supplement nutrient levels in the soil and eradicate unwanted plant species.
Widespread and indiscriminate application of herbicides would decimate populations of the
rarer arable weed species characteristic of machair agricultural systems. Modern fanning
practices have already caused the eradication of many weed species from the majority of
agricultural habitats on mainland Britain (e.g. Angus, 1994). Traditionally seaweed is used
to improve nutrient loading of the machair sands. However, increased use of commercial
fertilizers would affect soil stability, structure and hydrology (Chapter 2) which would, in
turn, directly lead to associated changes in the machair, marginal loch-edge and loch
vegetation. Agricultural activity has been instrumental in creating the structure and
composition of the machair, and, while it is clear that agriculture is essential to maintain
the diversity of the vegetation, it is equally important to restrict this activity to traditional
crofting methods.
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In addition to widespread crofting cultivation, a history of grazing has been of great
significance in the evolution of Hebridean machair systems and the machair grasslands
have evolved partly as a result of the grazing of the indigenous vegetation by domestic
sheep and cattle. Populations of feral rabbits introduced to the Hebrides in the sixteenth
century, and which reached the Uists and Barra, Lewis and Harris during the nineteenth
century, have also played an important role as grazers on the machair. Grazing by these
domestic and feral herbivores helps to create and maintain a low close grassland sward and
encourages high species diversities (Boyd and Boyd, 1990), and grazed grasslands are
typically important areas for orchids, including the Hebridean spotted orchid Dactylorhiza
fuchsii ssp. hebridensis (Druce) Soó (Angus, 1994). However, the effects of changes to the
grazing patterns traditionally imposed on Hebridean machairs could have serious
consequences for the botanical richness of machair plant communities. The detrimental
effects of under-grazing, for example, were briefly discussed in Chapter 2. A relaxation of
grazing pressures would ultimately result in a change in the species composition and
appearance of the grassland areas of the machair. Most significantly, the vegetation would
become long, rank and less species-rich, dominated by species such as Festuca rubra and
Senecio jacobaea (Boyd and Boyd, 1990), with few of the colourful annual species which
give the machair much of its intrinsic landscape quality. Sustained over-grazing may also
have serious ramifications for the floristic variety of the machair and is a particular
problem in those areas of machair where rabbit numbers are not successfully controlled.
Over-grazing due to poor stock management and/or high rabbit numbers invariably leads to
a reduction in the species diversity of the machair, but also results in the creation of
unvegetated areas, which subsequently makes the machair land surface highly unstable,
desiccates the machair soils and leads to the re-mobilization of sand. It is essential to
recognize the necessity to maintain grazing at a level which the machair can sustain
without long-term damage to the composition and quality of the ecosystem. Clearly, in
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some situations where over-grazing by rabbits represents a major threat to machair
diversity, the active management of rabbit populations through use of rabbit control
schemes, including shooting, snaring, netting, gassing or the erection of rabbit-proof
fencing may be a requirement.
Burial by sand has been identified as a common natural disturbance of machair systems,
and the adaptation of machair vegetation to burial processes (Chapters 6 and 7) has
implicated burial as an important factor in the historical ecology of the South Uist
machairs. The geomorphic phenomenon of machair stratification provides further,
irrefutable evidence that burial of plant communities by sand holds an important place in
the history of the machair, suggesting that cycles of sand deposition followed by the re-
emergence of buried vegetation have been, and remain, critical for the re-working of
machair plant communities. It is apparent that machair communities are essentially in
equilibrium with natural burial processes. Factors which alter the balance of this
equilibrium are likely to contribute to the ultimate destruction of the ecosystem. Although
a certain amount of sand movement is an essential attribute of the machair habitat (Ritchie,
1971; Angus and Elliot, 1992), an increased frequency of burial events, for example due to
imprudent agricultural activities or due to the deflation of dunes as a result of accelerated
erosional processes, will lead to non-equilibrium and an ultimate decrease in the floristic
diversity of the machair.
Changes to agricultural practice, including increased levels of grazing by domestic animals
due to higher stocking rates, and use of modem agricultural machinery, as described above,
will make available greater quantities of sand for aeolian transport and subsequent
deposition. Uncontrolled rabbit populations, through their extensive burrowing and
scraping activities, will also act as agents of erosion, exposing machair sand surfaces to
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aeolian action. Likewise, anthropogenic pressures due to the combined effects of
unchecked tourism and recreation by locals will accelerate erosional processes, further
contributing to the quantities of sand available for wind-fuelled burial events.
Similarly, a decrease in the frequency of burial events due to a reduction in sand
availability (e.g. through sand extraction or erection of coastal protection structures) has
implications for the maintenance of machair equilibrium and may lead to the total balance
of the machair/sand burial system being jeopardized. It must be assumed that in a system
which has evolved under the influence of burial by sand, and which relies partly on sand
deposition as an agent for the re-working and re-structuring of plant communities, a sudden
decrease in the frequency and/or magnitude of burial events will have critical consequences
for the species diversity of the machair. Clearly, in terms of burial by sand, machair is an
inherently unstable habitat and should be managed as such.
In this thesis, the slack sub-community has been identified as having subtly different
characteristics from the FD, 3F and UP grasslands, and these variations are assumed to
have arisen partly as a direct result of different management and burial histories, although
differing environmental pressures will also have exerted significant effects. Clearly, not
every machair vegetation type has evolved under the same anthropogenic and
environmental impacts, or under the same degree and intensity of these impacts. The
historical ecologies of the various machair plant communities differ and may, therefore,
warrant different present and future management and conservation strategies, just as they
have been subject to different management practices in the past. Likewise, biotic and
abiotic factors, and environmental and anthropogenic influences, vary from one machair
system to the next.
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Reconnaissance field visits to machairs on the islands of North and South Uist, Benbecula
and Bana during July 1997, indicated distinct differences in topography, botany and land
use between machair systems (pers. obs.). Observations suggested, for example, that
crofting cultivation, in particular the production of cereal crops, is most intensive on the
machairs of South Uist. In contrast, arable cultivation is not as widespread on North Uist,
and grazing by sheep and cattle, with some cultivation of the machair for the production of
potatoes for domestic consumption, were the most obvious forms of land use on the
surveyed machairs at Baleshare (NF7786 18), Cnoc an Torrain (NF722672) and Robach
(NF865758). However, at Traigh Eais (NF695065) on the Eoligarry peninsula, Barra,
although grazing by cattle was very much in evidence, there was no indication of past
cultivational influences.
No one single set of management prescriptions will, therefore, meet the conservation
requirements of all machair systems. However, a factor common to all systems in terms of
successful conservation, is that of the critical importance of machair historical ecology. In
most cases, factors which have contributed to the creation of species-rich vegetation are the
same factors that will maintain the diversity of the machair in the future. If conservation
policies are to succeed, they need to be sympathetic to the history of the machair system in
question, its past relationships with Hebridean populations and with the immediate local
environment.
Finally, it is vital to recognize that South Uist systems, and machair ecosystems in general,
are dynamic landforms (e.g. Mate, 1992; Whittington and Edwards, 1997), which have
evolved and developed under both natural and human pressures and presently exist in a
state of dynamic equilibrium with both biological and physical processes. Ecological
processes in the machair are not static and conservation and management policies must,
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therefore, recognize the need to maintain the dynamism inherent to machair. Inappropriate
developments including modern agricultural techniques, excessive sand extraction, coastal
protection etc. which upset this dynamic balance must be avoided. Active management is,
therefore, not necessarily the solution for machair systems. Rather, a policy of
maintenance and non-interference may be the requirement for the effective conservation of
machair for future generations. The main findings of the thesis and their implications for
the management and conservation of machair plant communities are summarized in Figure
8.2.
8.4 FUTURE RESEARCH
As described in Chapters 2 and 3, there is a dearth of phytosociological information
derived from the machair systems of the Outer Hebrides.
. Further extensive vegetation and pedological investigations, such as those described in
Chapter 3, would represent a substantial contribution to the understanding of machair
vegetation and its major controlling environmental gradients.
• There is a particular need to further describe and defme the plant associations of
agriculturally-disturbed machair, as presented in Chapter 4, and specifically to identify
the range of plant communities characteristic of agricultural fallows and old-field
successions.
• There is also a lack of information with regard to vegetation, environmental and land
use variability in the machair systems of the Outer Hebrides. Detailed phytosociological
surveys of different machair sites located on the same island, and of machair sites from
different islands, in addition to cataloguing the major agricultural features in operation,
would enable an assessment of intra- and inter-island machair variability.
Machair seed banks and seed rain were identified as being relatively unimportant for re-
vegetation following disturbance (Chapter 5). However, the qualitative and quantitative
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composition of machair seed banks and seed rain was not exhaustively investigated.
Further research into seed banks and seed rain would represent a substantial contribution to
existing information on seed dynamics in machair systems and in sand dune systems in
general.
Vegetative re-colonization was identified as an important feature of machair plant
communities (Chapters 4 and 5) and there is a need to investigate further the role of
vegetative reproduction within the machair habitat:
. The buried viable population of plants present in the soil as dormant bulbs, corms,
tubers and buds on rhizomes, is frequently termed, 'the bud bank' (e.g. Harper, 1977).
However, there is no literature relating to the size and composition of machair bud
banks. An assessment of the extent of vegetative reserves in machair soils could be
undertaken in much the same way as described for the evaluation of machair seed banks
in Chapter 5 (Section 5.3.1). This would re-affirm the relative importance of vegetative
versus sexual reproduction in the machair habitat.
An investigation into the effects of different ploughing techniques, in particular a
comparison of traditional shallow ploughs with contemporary deep ploughs, would give
an insight into the significance of established and modern farming methods for re-
colonization by vegetative means.
It can be hypothesized, for example, that contemporary machinery would plough too
deep to permit effective re-colonization of the bare surface by vegetative means. This
theory could be tested through simulating the effects of shallow and deep ploughing,
burying vegetative fragments to different depths to determine at what depth re-growth
fails.
• Contemporary ploughs are more destructive than the traditionally-employed shallow
ploughs which merely turn the surface vegetation. It can, therefore, be assumed that the
traditional shallow ploughing creates vegetative fragments which are of a suitable size
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to effect re-colonization. However, it is likely that the more destructive contemporary
methods would create relatively smaller fragments. The effects of established and
contemporary ploughing methods on vegetative re-colonization could, therefore, be
further appraised through cutting vegetative fragments into different-sized pieces and
determining which are most successful in re-vegetating bare sand.
Although the investigations detailed in Chapters 6 and 7 illustrated that machair vegetation
has the capacity to tolerate sand deposition, there is scope for further glasshouse- and field-
based research into the effects of burial.
. No definitive critical depth of burial for the process of machair stratification was
recorded and there is a need for further investigation of the effects of different
frequencies and depths of burial by sand on a wider range of machair vegetation types.
The experimental set-up used during the course of the burial investigations described in
Chapter 6 could be adapted to further investigate the qualitative and quantitative effects
of intermittent and single depositions of sand.
• Suspension of photosynthetic activity was identified as a physiological adaptation of
machair plant communities to burial by sand. Investigations of the post-burial
photosynthetic characteristics of two or three of the dominant machair species e.g.
Ranunculus sp., Prunella vulgaris and Festuca rubra, would permit an estimate of the
contributions of key machair species to the total community photosynthesis, as
described in Chapter 7. Future investigations could aim to identif' other physiological
traits which permit survival during and subsequent re-emergence following burial. In
this respect there is scope, for example, for the study of biomass and nutrient allocation
patterns in buried and non-buried vegetation.
• No morphological adaptations to burial by sand were investigated during the course of
this research. There is, therefore, scope to study the morphological characteristics of
machair vegetation, for example changes in internode length or leaf structure, which
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permit survival during and re-emergence following burial. The use of comparative
growth analysis techniques in previously-buried and non-buried machair vegetation
could prove particularly informative with regard to the effects of burial on plant
morphology.
. The burial tolerance of a species within different vegetation types was hypothesized to
be related to individual species interactions. Important information on the burial
tolerances of dominant machair species, could, therefore, be obtained through detailed
studies of competition and co-existence between species and of the relative competitive
abilities of selected machair species within different community and sub-community
types.
• Finally, although glasshouse-based investigations have proved successful and
informative, it would be valuable to survey the processes and effects of burial by sand in
the field, and in particular to assess patterns of sand deposition and re-mobilization, and
depths of sand accumulation, and their effects on machair vegetation in situ.
8.5 CONCLUSIONS
Machair systems have long-been recognized for the richness and conservation importance
of their flora. However, the present scientific awareness of machair plant ecology and
community dynamics does not adequately reflect the global ecological value of machair
ecosystems. The research presented in this thesis represents a significant, positive
contribution to knowledge and understanding of the ecological and physiological
community responses of machair vegetation to its dynamic environment.
The impacts of the two major anthropogenic and environmental disturbances operating on
South Uist machair systems, namely agriculture and burial by wind-blown sand, have been
described and quantified in detail. Identification and description of the responses of
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machair vegetation to these human and natural agencies has highlighted the critical
importance of the historical ecology of machair systems. In turn, this has enabled the
formulation of preliminary conservation measures for machair vegetation based on a policy
of non-interference, maintenance of traditional crofting methods and a degree of sand
movement. Specifically, critical guidelines for machair management and conservation
emerging from the research presented in this thesis recommend that:
• continuing cultivation of the machair by traditional agricultural crofting techniques,
including rotational cropping, shallow ploughing and the application of organic
fertilizers such as seaweed, be encouraged to maximize species diversity;
the use of contemporary cultivation techniques, including modern deep ploughs and the
application of commercial herbicides and artificial fertilizers, be actively discouraged to
prevent an overall decrease in the botanical richness of the machair;
• grazing pressures by domestic stock and feral rabbit populations on the machair be
carefully monitored to maintain a sustainable level of grazing and protect the structure
and diversity of the vegetation;
. where high rabbit numbers result in sustained over-grazing of the vegetation, rabbit
control schemes, e.g. shooting, snaring, netting, gassing and the erection of rabbit-proof
fencing, be employed to actively manage rabbit populations;
• tourism, recreation and land use pressures be regularly reviewed to prevent excessive
erosion of the machair and an increase in associated sand-blow;
• large-scale removal of sand from the machair system be discouraged to maintain the
natural cycles of sand deposition which characterize the machair.
Finally, the results of this thesis make a significant addition to the practical conservation of
the important, threatened machair plant communities. The thesis provides firm scientific
evidence that the key to the successful conservation of the machair lies in an appreciation
347
of its history and traditions - a concept that the Hebridean people have long understood.
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APPENDIX I
Appendix IA Total plant species recorded in 215 quadrats sampled during the Kildonan vegetation and
environmental survey, June 1995.
Higher Plants
Achillea millefolium
Agrostis capillaris
Agrostis stolonfera
Alopecurus pralensis
Ammophila arenaria
Anchusa arvensis
Angelica sylvestris
Anthoxanthum odoratum
Arciium minus
Arenaria serpyllfolia
Atrip/ex hastata
Atriplex prosirata
Be//is perennis
Blysmus rufus
Ca/iha palustris
Capsella bursa-pastoris
Cardamine hirsuta
Cardamine pralensis
Carex arenaria
Carex diandra
Carexflacca
Carex nigra
Cares panicea
Care.x viridula ssp. oedocarpa
Centaurea nigra
Cerasuum d:ffusum
Cerastiumfontanum
Chrysanthemum segelum
C:rs:um arvense
C:rs:um vulgare
Dactylis glomeraza
Dactylorhi:afuchsii
Dac, lorhz:a incarnata
Dacilorh::a maja/is
Daucus carota
Eieochans palustris
Ely:r:gsajuncea
Elytrigia repens
Epilobium palustre
Epilobium parvflorum
Equisetum ar'ense
Equisetum pa/usire
Enophorum angusufohum
Erothum cicutarium
Erophila verna
Euphrasia officina/is agg.
Faiopta convolvulus
Festuca rubra
Filipendula u/maria
Galium aparine
Galium palustre
Ga/ium verum
Geranium molle
1-feracleum sphondylium
Holcu.s lanai us
Honckenya peploides
1-lordeum sp.
1-lydrocotyle vu/garis
Iris pseudacorus
.Juncus articu/atus
Koeleria macrantha
Lathyrus pratensis
Lemna minor
Leontodon autumnalis
Linum catharticum
Listera ovata
Lolium perenne
Lotus corniculatus
Luzula campestris
Lychnisfios-cuculi
Mentha aquatica
Menyanthes trifoliata
Molinia caerulea
Myosoiis arvensis
Myosotis discolor
Myosotis secunda
Ophioglossum vulgatum
Papaver rhoeas
Pedicularis sy/vatica
Phragm lies australis
Plantago coronopus
Plantago lanceolata
Poa annua
Poa pralensis
Poa humi/is
Poa irivialis
Po!ygala vulgaris
Polygonum amphibia
Polygonum aviculare
Poientilla anserina
Potentilla polustris
Prune/la vulgaris
Ranuncu/us acris
Ranunculus bu/bosus
Ranunculusfiammula
Ranunculus repens
Rhinanthus minor
Rorippa nosturtium-aqua:icum
Rumex acelosa
Rumex crispus
Sagina procumbens
Sax fraga tridactylites
Schoenop/ectus tabernaemonzani
Sedum anglicum
Seneciojacobaea
Silene latfolia
Sinapis arvensis
Solanum tuberosum
Sonchus asper
Sonchus arvensis
Sparganium erectum
Ste//aria media
Ste//aria u/iginosa
Taraxacum brachyglossum
Taraxacum officinale agg.
Tha/ictrum minus
TrfoIium pralense
Tr fo/ium repens
Trig/ochin palustre
Tripleurospermum maritimum
Urtica dioica
Valerianella locusta
Veronica arvensis
Vicia cracca
Vicia sepium
Viola pa/ustris
Viola tricolor
Bryophytes
Aneura pinguis
A ulacomnium pa/ustre
Barbulafa/lax
Brachythecium sp.
Bryum algovicum
Bryum caespiuicium
Bryum capillare
Cal/iergon cuspidazum
Campy/ium chrysophy/lum
Cirriphyllum crassinervium
C/imacium dendroides
Conocephalum conicum
Drepanocladus aduncus
Eniodon concinnus
Eurynchium sp.
Fontina/is antipyretica
Homa/othecium luiescens
Hygrohypnum sp.
Lophoco/ea bideniaza
Marchantia polymorpha
Plagiomnium rostratum
Plagiomnium undulatum
Rhizomnium punci alum
Rhytidiadelphus squarrosus
Thuidium abietinum
Tortula ruralformis
Lichens & Algae
Co/lema sp.
Lepiogium sp.
Peltigera membranacea
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Appendix lB Total plant species recorded in 103 quadrats sampled during the Drimsdale vegetation and
environmental survey, July 1996.
Higher Plants
Achillea millefolium
Agroslis capillaris
Agroslis stolonfera
Ammophila arenaria
Anagallis arvensis
Angelica sylvesiris
Arctium minus
Bellis perennis
Cardamine pralensis
Carex arenaria
Carexfiacca
Carex nigra
Carex viridula spp. oedocarpa
Centaurea nigra
Cerasizum diffusum
Cerasnumfontanum
Chamerion angusiqfolium
Cirsium arvense
Cirsium vulgare
Cynosurus cristatus
Dactylis glomerata
Dactylorhizafuchsii
Dactylorhs:a majalis
Daucus carota
Eieocharss palustris
Epilobsum pa/ustre
Equisetum arvense
Equisetumfiuviatile
Ersophorum vaginal urn
Erodsum cicularium
Euphrassa officinalis agg.
Festuca rubra
Fslspendula u/maria
Ga/sum pa/ustre
Ga/sum saxatile
Ga/sum verum
Geranium dsssectum
Geranium mo/le
Glyceria dec/snata
Glycersafluitans
Heracleum sphondylsum
Hippuris vulgaris
Ho/cus /ana:us
Hordeum sp.
Hydrocotyle vulgans
Iris pseudacorus
Juncus bufonius
Koeleria macrantha
Lemna minor
Leontodon autumnalis
Linum cagharticurn
Liss'era ovala
Lolsum perenne
Lotus cornicularus
Luzu/a campesiris
Lychnisfios-cuculi
Meniha aquatica
Menyanihes lr(foliata
Myosotis arvensis
Myosolis discolor
Pedicularis palustris
Phragmites australis
Plantago lanceolata
Plantago major
Poa pratensis
Poa humilis
Polygala vulgaris
Polentilla anserina
Potentilla palustris
Prune/la vulgaris
Ranunculus acris
Ranunculus bulbosus
Ranunculus repens
Rhinanthus minor
Rume.x acelosa
Rumex crispus
Sagina procumbens
Schoenoplectus lacustris
Seneciojacobaea
So/anurn tuberosum
Taraxacum brachyglossum
Taraxacum officinale agg.
Thalictrum minus
Trfolium pratense
Trfolium repens
Triglochin maritimurn
Valerianella locusta
Veronica arvensis
Vicia cracca
Viola tricolor
Bryophytes
Bryum caespiticium
Bryum capillare
Calliergon cuspidatum
Campyliurn chrysophyllum
Conocephalum conicum
Homalotheciurn lutescens
Lophocolea bideniata
Marc hantia polymorpha
Plagiomniurn rostra! urn
Plagiomniurn undulaturn
Rhy:idiadelphus squarrosus
Rhytidiadeiphus triquetrus
Lichens & Algae
Peltigera rnembranacea
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APPENDIX II
9. The machair vegetation of the Outer Hebrides: A review
Nia Owen, Martin Kent and Pam Dale
Abstract
The literature on the flora and vegetation of the
machair sand dune communities of the Outer
Hebrides is reviewed. The meaning of the term
'machair' is discussed together with theories of
its origins and development. The ecological and
environmental factors affecting species compo-
sition of machair communities and their soils are
assessed and the absence of information on the
Quaternary history and ecology of machair
vegetation is noted. Finally, the effects of human
activity through agriculture and present day
erosional threats to the dune systems are
summarised.
Introduction
The machair of the Outer Hebrides has attracted
botanists, naturalists and scientists for over 150
years. Curne (1991) has described the history of
botany in the islands. Although there were some
early accounts of the flora, most of these do not
specifically mention the machair, with most
authors presenting just species lists or discussing
the possibilities of a previous more widely
distnbuted woodland cover (Martin 1703; Heron
1794; MacCulloch 1819, 1824; MacLeod 1948;
Magillivray 1830. 1831; Niven 1902; Bennett
1883-1911; Ewing 1890-99). During the 1930s
and 1940s, the description of the flora was
further extended by Campbell (1936-61) and
Hamson, whose work continued into the 1950s.
Most research was still primarily concerned with
species identification and it was not until the
1970s that a more ecological and community-
based approach was taken tu the understanding
of the machair ecosystem, coinciding with the
Symposium on the Natural Environment of the
Outer Hebrides, organised by the Royal Society
of Edinburgh and the Nature Conservancy
Council that was published in the Transactions of
the Society in 1979. The paper by Currie (1979)
from that volume still represents a major
contribution to the descnption of the flora. This
period also coincided with the publication of
work on the geomorphological evolution of
machair by Ritchie(1966, 1979).
The Outer Hebrides have a complex coastline
estimated as varying between 1800 and 3400 km
(Angus 1994), the main geological and geo-
graphical features of which have been discussed
by Steers (1973). The west coast of the archi-
pelago is characterised by vast ranges of sand
dunes and machair plains (Figure 9.1) that extend
from Pabbay and Sandray in the south of the
island chain, through Eoligarry on the Isle of
Barra, northwards through South Uist, Benbecula
and North Uist to the banks of Luskentyre in
South Harris (Boyd 1979; Ritchie 1991). These
dunes that dominate the west coast are composed
of a calcareous shell-sand that has been largely
formed in the sea through the activity of marine
flora and fauna. The importance of the distinctive
range of beach systems that have developed in
the Western Isles was highlighted by Doody
(1985), who stated that of the 56,000 ha of dune
land in Great Britain, the largest single area is
found in the northwest of Scotland. A sample
inventory of Scottish coastal dunes and their
vegetation was undertaken by the JNCC between
1987 and 1991, as part of their 'Sand Dune
Survey of Great Britain' (Dargie 1993). Thirty-
four dune sites, totalling 9,641.2 ha were
surveyed in Scotland. Of these thirty-four sites,
fourteen (1,273.5 ha) occurred in the Outer
Hebrides (Dargie 1993).
The JNCC report involved the mapping and
description of the vegetation of a number of
representative dune areas using the National
Vegetation Classification (NyC). In addition to
the five main types of coastal dune system
recognised by Ranwell and Boar (1986) (cited in
Dargie 1993), the JNCC survey recognised an
extreme form of hindshore dune in the Outer
Hebrides; the hindshore machair. This hindshore
machair is widespread on the west coasts of the
Outer Hebridean islands and has long been
considered an integral part of their natural
environment. 'Machair' is the only major British
habitat known by a Gaelic name. Angus (1993)
has studied the use of the word in both Gaelic
and English and has highlighted the strong
cultural links between the machair and the native
Gaelic-speaking inhabitants of the Western Isles
(Angus 1994).
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The machair vegetation of the Outer Hebrides: A review
The meaning and definition of
'machair'
Ritchie (1976) has suggested that the Gaelic
origins of the word 'machair' have confused its
meaning and definition and he has ascribed the
lack of a precise description of the term to the
different ways in which, for example, local
inhabitants, botanists and geographers, perceive
the nature and distribution of the habitat. In order
to distinguish machair from other dune
grasslands and links, Ritchie (1976) attempted to
construct a definition on the basis of a number of
different criteria, and he listed a shell-rich blown
sand base; lime-rich soil with a pH >7.0; a
morphologically mature surface; the absence of
psammophilous grasses; the effects of different
biotic factors (e.g. grazing, cultivation and
trampling); and an oceanic climate, as the most
important qualities in his definition. Ritchie
recognised that machair grasslands could be
separated from other dune grasslands by the
number of vascular plant species recorded in
them. Due to the differing gradients of soil pH.
moisture content, grazing pressure, trampling and
instability in any one sand dune system.
conventional dune communities can show great
diversity. Ranwell (1974) noted how large dune
systems can carry from 400-500 different plant
species. Machair, however, usually supports
100-150 vascular plant species. This large
difference in diversity has been attributed to the
fact that, while other dune grasslands may
support a number of introduced species, machair
is characterised by a relatively pure, native flora
(Boyd and Boyd 1990; Pankhurst and Mullin
1991).
However, although Ritchie recognised machair
as an integral part of coastal sand dune systems,
he defined machair strictly as the 'machair
plain', excluding the closely associated beach,
dune ridge, marshland and hillside habitats.
Curtis (1991) has elaborated on Ritchie's
definition of machair and has suggested that
Ritchue's 'machair plain' be replaced by the term
'machair grassland'. The term 'machair system'
is broadly applied to the range of habitats,
incorporating strandline; dune; machair
grassland; coastal lochs and marshes;
saltmarshes, and the transitional 'blackland' area
between the machair and moorland, all of which
are characteristic of the Western Isles.
The distribution of machair
The Importance of the machair as a national and
international habitat is emphasised by the
knowledge that it is only found in certain areas of
Scotland and Ireland. In their report on the
beaches of Scotland, Mather and Ritchie (1977)
recorded a total machair area of 14,500 ha, with
6,000 ha of this total occurring in the Western
Isles. The most significant areas of machair in
the Outer Hebrides occur on the islands of North
and South Uist and according to Boyd and Boyd
(1990), 10% of the land surface of South Uist is
dunes and machair. With the exception of the
Outer Hebrides, the Inner Hebridean islands of
CoIl, Tiree and Islay provide the other most
important Scottish machair sites.
The occurrence of machair in Ireland has been
studied by Akeroyd and Curtis (1980) and
Bassett and Curtis (1985). Akeroyd and Curtis
(1980) applied Ritchie's key criteria for the
definition of machair to four areas of dune
grassland in western Ireland. The results of their
study showed a strong floristic and ecological
similarity between the Scottish machair and the
Irish dune grasslands. They, therefore,
considered it appropriate to apply the term
'machair' to certain areas of dune grassland in
western Ireland. Bassett and Curtis (1985)
expanded on the earlier work and concluded that,
although some minor differences in soils,
climatic regime and vegetation were apparent,
the characteristic landformlvegetation complex
exhibited by Irish 'machair' is very similar to
that of the typical Scottish machair.
Origin and Development
In order to appreciate the biological importance
of the machair ecosystem, it is first necessary to
understand its geomorphological importance
which, in turn, is largely related to its origin and
development. The process of machair
development has been extensively studied by
Ritchie (1979), who suggested that three broad
groups of machair surfaces exist:
I) Hilly, hillocky, hillside or steeply-sloping,
2) Plain surfaces with higher areas on the
landward side,
3) Generally level or slightly sloping plain
surfaces terminating in marsh/loch/rock or
till-covered surface.
Of these three machair types, Ritchie believed
the plain machair surfaces to be the most
distinctive and widespread. Based on five purely
morphological features, Ritchie advanced an
hypothesis for the origin and development of the
Hebndean machair plains and he suggested that
the most common machair profile would have
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developed from a combination of erosional and
depositional processes, operating over the last
7-8,000 years. Ritchie's theory of machair
formation does not rely on any major climatic or
environmental changes, but suggests that the
machair plain developed as a direct result of the
excess sand supply that existed after the
deglaciation of northern Scotland. The oceanic
climate would have resulted in high winds
driving large quantities of mineral sand and shell
fragments inshore during a primary accretion
phase, to produce the typical profile of:
...subdued, narrow, coastal dunes; a broad.
low, seawards sloping deflation plain that
floods in winter; an escarpment and residual
higher slope; and a landwards marginal
plain that ends in marsh or loch. (Ritchie
1979)
The only requirement of this theory of
development is that the volume of sand in the
beach-dune-machair system remains relatively
constant.
Machair chronology
In terms of the age of the machair system,
Ritchie (1979) suggested that sand deposition
would have begun as early as 3750 BC, with the
first major deposition occurring around 2500 BC.
Carbon-14 amd AMS dating (Gilbertson et a!.
l995a) has illustrated that the development of the
machair was charactensed by long periods of
stability alternating with spasmodic episodes of
erosion and deposition. ft is therefore clear, that
although the present day machair surface is the
product of 19th and 20th century stabilization,
considered in its entirety, the machair is a
landform of great antiquity.
Machair vegetation
In their classic papers on the machair of the
Uists, the Monach Isles and South Harris,
Dickinson and Randall (1979) and Pemng and
Randall (1972) recognised a two-fold division of
the machair vegetation into two generalized
assemblages that they termed 'dune-type' and
'grassland-type'. A number of factors have been
hypothesised to be responsible for this
dichotomy. Ritchie (1979) noted that, although
the machair is ultimately dependent on the sand
beach and coastal dune ndges for its origin, it is
distinct from the dunes and should be regarded as
the 'non-dune part' of coastal systems.
Development of the dunes (sensu stricto) relies
on a sufficient supply of fresh dry sand that can
be blown landward from the beach plain to be
deposited above the high tide mark. In north-west
Europe, vegetation plays a crucial role in the
creation and maintenance of sand dune systems,
primarily by stabilizing existing dune surfaces
and speeding further sand accretion by reducing
wind speed over the sand surface. Certain plant
species, most notably Elymus farctus (sand
couch-grass), Leynucs arenarius (sea lyme-grass)
and Ammophila arenaria (marram grass), have
the ability to withstand burial by accreting sand.
A. arenaria is considered to be the main dune-
building species on Scottish dunes. However, on
the exposed machairs of the Western Isles, the
dune-building ability of A. arenaria is severely
restricted by high average wind speeds, a limited
sand supply and the effects of coastal erosion.
The absence or reduced vigour of A. arenaria on
the machair, combined with its characteristic flat
surface (< 5°), is important in differentiating it
from the vegetation of the dunes on its seaward
side, and in distinguishing it from other dune and
calcareous grasslands (Ritchie 1976).
Gimingham (1964) broadly described machair
vegetation as a grassland largely composed of
Fesiuca rubra (red fescue), Trifolium repens
(wild white clover) and Lotus cornicularus
(birdsfoot-trefoil) with Achillea millefolium
(yarrow), Galium verum (lady's bedstraw) and
other species including Ranunculus
acris/bulbosus (buttercup), Euphrasia sp.
(eyebright) and Bellis perennis (daisy).
Gimingham also recognised the profusion of
orchids [including EpipactLr arrorubens (dark-
red helleborine), Gymnadenia conopsea (fragrant
orchid), Listera ovafa (twayblade), Dactylorchis
(Dactylorhiza) fuchsii (common spotted orchid)
and D. purpurella (northern fen orchid)] as
important elements in the machair community.
Dargie (1993) elaborated on previous work and
related the Hebridean machair to the NVC SD8
Festuca rubra - Galium verum fixed dune
grassland community. Dargie noted how
geographical variation has produced two distinct
SD8 sub-communities characteristic of the
machairs of western and northern Scotland.
These are the extensive species-rich SD8d
Ran.unculus acris - Bellis perennis sub-
community, and the less extensive SD8e
Prunella vulgaris sub-community of the flatter
machair areas.
Machair zonation and its relation to
environmental and biotic factors
Dickinson ci a!. (1971) used phytosociological
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techniques to produce a map of the vegetation on
South Uist. The data from their investigation
describe the zonation of plant communities away
from the sea, with an ordering of vegetation
types from the beach through sand dunes and
slacks to grassland, marsh and acid blackland.
Vose ci at. (1957) recognised a similar pattern of
seral stages on the machair grazings of the isle of
Tiree in the Inner Hebrides and recorded six
stages in the formation and development of
machair, each characterised by different biotic
and physical factors. Mobile dune communities
were identified by the presence of Agropyron
junceiforme (sand couch grass) and Taraxacwn
Laevigaium. Pasture species such as L
corniculatus, Poa trivialis (rough meadow-
grass), Agrostis stolonifera (creeping bent) and
Loliuni perenne (perennial rye grass) began to
invade in the stable dunes, although no mosses
were recorded until the fixed dune phases. Vose
ci at. recorded three stages of machair
vegetation: young, mature and old machair, all
largely dominated by F. rubra and typified by the
grassland species described by Gimingham
(1964). The transition region from the drier
machair areas to marsh was characterised by
changes in the proportions and relative
importance of the typical machair species.
Randall (1976) performed a similar study to
those of Dickinson ci aL (1971) and Vose ci aL
(1957), describing the ordering of vegetation
types inland from the sea on the Monach Isles.
On the Monach Isles, sand is blown from many
points of the compass and Randall's survey did
not, therefore, show the 'classical' orthogonal
ordering of vegetation as demonstrated by
Dickinson ci at. (1971). Randall recognised four
broad plant communities that he described as a
'dune type, sandy grassland type, peaty
sedgeland type and a residue'. The vegetation
types and their representative species agreed well
with those of Pcmng and Randall (1972); Vose
ciaL (1957) and Dickinson etaL (1971). Among
the definitive machair species once again were
recognised F. rubra, B. perennis, A. mullefolium.,
G. verum and Euphrasia sp.
A number of authors have considered the
importance of different biotic and environmental
factors in creating and maintaining the classical
ordering of vegetation types described by
Dickinson ci a! (1971). Vose ci at. (1957)
demonstrated a steady increase in the organic
matter content of the soil and a general decline in
p11 value on moving inland towards the zones of
more mature vegetation. Average moisture
content also increases through the vegetation
types, and calcium carbonate content tends to
progressively decrease (Randall 1976). It is clear
that the zonation of plant communities is related
to differences in soil and other environmental
factors, although biotic elements are also
important. Both Vose ci at. (1957) and Randall
(1976) agreed that the machair is a biotic
plagioclimax that is held relatively stable by a
combination of diverse biotic factors, including
grazing by rabbit and sheep and the influences of
past agricultural practices. In the absence of
grazing, it is hypothesised that the machair would
develop into a CallwwlMolinia heath (Vose ci
a!. 1957; Randall 1976). However, in many
places the sand/soil would remain too alkaline
for this and the development of a form of rank
Festuca rubra grassland is more likely.
Boyd and Boyd (1990) have suggested that the
machair has been used as grazing land since
people first settled on the Outer Hebrides.
Controlled grazing of the machair plays an
important role in maintaining its floristic
diversity; this has been confirmed by the number
of orchids that flower on the grazed areas of the
machair (Boyd and Boyd 1990; Pankhurst and
Mullin 1991). However, when year-round
grazing occurs, many of the machair plant
species will fail to flower and set seed, mosses
spread and a reduction in the species diversity of
the machair pastures invariably follows. Under-
grazing can be as detrimental to the machair as
sustained over-grazing, as the machair system
has evolved under the influence of grazing
animals (Boyd and Boyd 1990). Too little
grazing can lead to the exclusion of the less
competitive annual species by the growth of rank
grasses such as Festuca rubra.
Vegetational history and
palaeoecology of the machair
Although a number of studies now exist on the
palaeoecology of the Outer Hebrides (Bennett ci
a!. 1990; Birks 1991; Brayshay 1992; Dinnin this
volume; Edwards and Brayshay this volume;
Edwards ci a!. 1995; Fossitt 1996; Gilbertson ci
a!. 1995a, 1995b; Kent ci at. 1994; Whittington
and Ritchie 1988; Wilkins 1984), virtually all of
these studies relate to the acidic and upland
communities described in Weaver ci at. this
volume. Kent eta!. (1994) point Out that virtually
all the species found in the various machair
communities are absent or poorly represented in
most of the published pollen diagrams. This is
largely due to the lack of suitable sites for the
preservation of pollen within the machair. Also
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the main machair species are low pollen
producers, or are insect pollinated (e.g. orchids).
Gilbertson er al. (1995a) describe a type of
sedimentary stratification, which they call
'machair stratification', that underlies large areas
of machair grassland. The stratification layers are
composed of calcareous shell debris together
with organic material often with a thin layer of in
situ and reworked organic matter derived from
plants and animals on the former land surface.
This stratification is almost always underlain by
a palacosol. The palaeosol is believed to vary in
age from around 3000BP on South Uist but can
be as young as 1900AD at Eoligariy on Barra.
The stratification is considered to be produced by
successive phases of human agricultural activity
in combination with wind action, leading to
repeated episodes of depositon over existing
surface vegetation. This evidence emphasises the
importance of human activity and resulting sand
erosion and deposition to the evolution and
continuance of the plant communities (Gilbertson
ci aL Chapter 7 this volume).
Machair soils
The machair plains of the west coasts of the
Outer Hebrides provide soils of relative richness
and fertility. Machair soils have been widely
studied (e.g. Hudson 1991; Dickinson 1977;
Glentworth 1979) and they are primarily
characterised by their high CaCO3 content.
Values for the proportions of shell fragments and
hence the calcium carbonate content of these
machair soils, differ from one account to another,
although most authors agree that the CaCO3
content is a maximum of 80% (Roberts ci aL
1959; Boyd 1979; Boyd and Boyd 1990). An
analysis of a typical machair soil would reveal a
very low organic matter content, usually less than
10%, and frequently less than 2% (Dickinson
1977). Machair soils are, therefore, subject to
'free percolation and aeration' (Roberts ci aL
1959), being essentially free-draining and subject
to drought. The poor water-retaining capacity of
the machair soils may lead to leaching and
nutrient deficiencies Machair soils are
particularly poor in phosphates, nitrates,
potassium, copper and manganese. High soluble
lime contents lead to high pH values that are
usually in the region of 7.5 to 8.0 in subsoils and
6 5 to 7 5 in topsoils (Hudson 1991). Regardless
of these deficiencies, machair soils, in
comparison to the peaty acid soils of the inland
and upland areas, are relatively productive, and
are the focus of the crofting agriculture on the
majority of the Western Isles. The transitional
area, where the alkaline machair sands are mixed
with the more acid peats are known locally as the
'blacklands'.
Although the sandy soils are essentially free-
draining, flooding of machair occurs extensively
during heavy winter rains. The seasonal
fluctuation of the water table is important in
determining detailed patterns of plant growth,
particularly in lower dune slack areas, where
concentric patterns are sometimes evident in the
vegetation.
Anthropogenic impacts on the
natural environment of the
Hebrides
Goodier and Boyd (1979) have discussed the
major anthropogenic impacts on the natural
environment of the Outer Hebrides. Among the
factors considered to play an important role in
modifying the Hebridean environment were:
agriculture; forestry; mineral and peat extraction;
fishing and shell-fishing; major industrial install-
ations (oil platforms, wave-energy generators);
recreation and tourism. The effects of changing
land use patterns on the natural environment of
the Hebrides has been discussed by Caird (1979).
These papers, and others, have indicated the
important role of human impact in altering the
shape and form of the Hebridean landscape. It is
possible that no other part of the ecosystem of
the Outer Hebrides has been affected as strongly
by human activity as the machair.
Human impact on machair
The richness of the archaeological remains on the
Outer Hebridean machair illustrates the
inextricable link between human activity and
machair (Branigan and Foster 1995). Ritchie
(1979) has demonstrated how the Hebridean
machair land has been attractive to human
settlers throughout pre-historic and historic
times. Human activity is an integral component
in machair ecosystems, as human involvement
has been continuous throughout the evolution of
the machair landform. Many of the integral
features of the machair have, therefore, resulted
directly from the differing effects of agriculture
and land use over the centuries. Boyd and Boyd
(1990) have discussed the history of the Outer
Hebridean machair islands, paying particular
attention to the history of human settlement and
machair on the Monach Isles. Human population
peaks on the machair islands coincided with the
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peak of the kelp collecting industry in the late
18th century, although human populations have
shown a steady decline since about 1930, when
the kelp industry had already gone into sub-
stantial decline (Boyd and Boyd 1990).
Agriculture and its effects
Both Crawford (1989) and Robertson (1982)
agreed that the machair has supported
agricultural activity in the Outer Hebrides for
5000 years. since Neolithic times, and the
machair is still an important element in the
modem Hebridean economy. Crofting is,
undoubtedly, the most widespread system of land
tenure on the Western Isles. The coastal habitats
of the Outer Hebrides (dunes, machairs and salt-
marshes) are generally unenclosed and
agricultural machair land is often held in
common. However, Boyd and Boyd (1990) have
commented on the increase in enclosed land in
the Hebrides, with many machairs being fenced
into separate fields and divided between the
crofters since the Second World War. The best
opportunities for cultivation most frequently
exist where the acid soils of the peaty areas of
the machair system are neutralised by the effects
of calcareous sands being blown in by the wind
from the coastal sand dunes. The soil, where this
sandy ground grades into peat, is something
similar to a sandy loam and is therefore suitable
for growing a range of agricultural crops
(Robertson 1982). In addition to the cultivation
of cereals (Avena strigosa and Secale cereale),
machair is extensively used for seasonal cattle
and sheep grazing. The most intensive
agricultural activity is in North and South Uist,
where the provision of fodder for livestock and
crops for domestic use (potatoes) are the main
agricultural concerns.
The highly deficient nature of the machair soil
often means that successive crops cannot be
taken for any significant length of time (Kerr
1954) and machair land is, therefore, frequently
entered into the practice of rotational cultivation
so that the land is often characterised by a mosaic
of strips of arabIc and fallow land. Crawford
(1989) and Dargie (1993) in collaboration with
Crawford, have studied and recognised an annual
succession in the weed communities of fallow
land. Among the most common crop weeds were
Chrysanthemum segetum, Anchusa arvensis and
Viola arvensis; these species were overshadowed
in the fallow year by species including Viola
tricolor. Ranunculus repens and Myosotis
arvensis In the third year of cultivation the land
was dominated by Festuca rubra and Trjfolium
repens. The succession back to natural grassland
was completed by the replacement of R. repens
by R. acris. The farming systems thus represent
an important component of species and habitat
diversity.
Low intensity traditional crofting agriculture
has played an important part in maintaining the
unique characteristics of the machair of the Outer
Hebrides. However, the introduction of modern
agricultural techniques, in an attempt to
overcome the difficulties arising from the harsh
Hebridean environment, will inevitably lead to
the destruction of the machair. Cultivation,
combined with heavy grazing by stock and
rabbits, can cause widespread sand-blow and the
destruction of the surface vegetation of the
machair. Machair land is frequently highly
deficient in organic matter, potassium and
phosphorus and the use of artificial fertilizers to
increase the productivity of the land can lead to a
loss of the species-rich mixture of grasses, sedges
and tall-herbs that characterise the machair.
Traditional fertilizers, notably seaweed, are
valued for their important effects on the machair
soils and in particular for their property of raising
soil humus contents (Kerr 1954). Artificial
fertilizers, however, can affect the humus
resources of the soil resulting in changes in soil
stability, tilth and water-holding capacity (Boyd
and Boyd 1990). Reseeding, herbicides and
pesticides can similarly lead to a decrease in
species diversity, while deep drainage of the
machair system can dry out the dry-dunes, dune-
slacks, marshes and fens leading to significant
effects on wetland flowers, waders and wildfowl
(Boyd and Boyd 1990). However, although the
machair has been subject to drainage since the
17th century, as indicated above, certain areas
are now thought to be more prone to flooding
than in the recent past.
Due to the very fragile nature of the machair
system, there has been great concern with regard
to the effects of intensive modern-day agriculture
on machair wildlife and vegetation (Angus 1994;
Robertson 1982). Traditional crafting agriculture
is relatively low-impact and has therefore
prevented widespread ecological damage. The
first major agricultural threat to the Hebridean
machair was the commencement of the EEC-
backed Integrated Development Programme
(IDP) in 1982, when there was great concern as
to the effect such an intensive development
programme would have on the delicate
ecosystems of the Outer Hebrides (Robertson
1982). In the light of its international importance
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as a wildlife area for numerous plant species and
breeding birds, including the oystercatcher,
ringed plover, lapwing, dunlin, snipe and
redshank, the machair was considered to be
particularly threatened by the ecological effects
of the IDP. The threat of the IDP lead to a revival
in the popularity of the Outer Hebrides as an
important area for wildlife research and a
significant amount of research work was
undertaken during its 5-year course. However, in
the end, the concern over the impact of
agriculture appeared to have been overstated. Of
some 13,000 land improvements under the IDP,
only 12 management agreements were needed
(Angus - pers. comm.)
Machair erosion
Although machair systems are dynamic systems,
where erosion and deposition may occur
naturally, the machair land of the Outer Hebrides
is threatened by erosional processes caused by a
number of different factors. The past erosion
problems of the machair of the Outer Hebrides
have been discussed by Angus and Elliott (1992),
who described the historical events that have
contributed to machair erosion. The high average
wind speeds that are characteristic of the
Hebridean climate and which contributed to the
formation of the machair habitat, may ultimately
threaten its stability. Most machair coasts are
very exposed locations and are constantly
experiencing mean average wind speeds of 6.2 to
8.0 rn/s (Birse and Robertson 1970); it is
unsurprising, therefore, that gales, hurricanes and
wand-storms have played an important role in the
erosion of machair land throughout the history of
the Hebrides (Angus 1991; Manley 1979). Angus
and Elliott (1992) also recognised the kelp boom
of the eighteenth century as a further important
factor in the history of machair erosion. Kelp
collection provided a valuable source of income
for the people of the Outer Hebrides and the
population soon grew accordingly. This dramatic
rise in the size of the population led to increased
horse and foot traffic over the machair sands and
cultivation was necessarily increased to provide
sufficient food for the growing population. In
response to a shortage of grain crops, straw was
replaced by Amniophzla arenaria (marram grass),
an important sand-binding species, as a thatching
material It is likely thai a combination of these
and other factors, such as the artificial lowering
of the water table through drainage, resulted in
losses of machair land to the sea
Present day erosional threats to the machair are
both environmental and anthropogenic. Rabbits
were introduced to the Western Isles in the
middle of the sixteenth century and were
recognised as a serious threat to the inherent
stability of the machair sometime in the 1950s
(Angus and Elliott 1992). Erosional problems
caused by the large numbers of rabbits on the
Western Isles include the effects of burrowing to
form warrens and also the exposure of sand
surfaces to the action of the wind by 'scrapes'.
Grazing by sheep and cattle has also been
recognised as a potential erosional problem on
the machairs of the Outer Hebrides; overgrazing
destabilizes the vegetation cover on the machairs
and can lead to blowouts. Tourism is
undoubtedly one of the most important
contemporary problems. The growth of tourism
and recreation has exposed the fragile machair
system to increasing anthropogenic pressures: the
movement of cars, motor-bikes and caravans over
the machair surfaces from one popular picnic site
to the next has resulted in large areas of land
being eroded away (Angus and Elliott 1992;
Angus 1994). It is obvious that some form of
'visitor management' is necessary if the machair
is to survive the pressures of tourism (Angus and
Elliott 1992). The spread of the butterbur
(Petasites hybridus), that was undoubtedly
introduced to the islands of the Outer Hebrides as
a result of human influence, has also been
recognised as an important contributing factor to
the erosion of some areas of species-rich machair
land (Currie 1977). The control of the erosion of
the machair poses important problems for those
concerned with the conservation of the machair
systems of the Hebrides.
Machair: management and
conservation
The importance of the machair sands as habitats
for the Hebridean flora and fauna, and as a
distinctive part of the Hebridean landscape, is
indicated by the number of nationally important
machair sites which have been identified and that
have been described in detail by McKirdy and
Foxwell (1985). There are approximately thirty
Sites of Special Scientific Interest (SSSIs)
recorded on machair land and almost all of these
sites occur on the islands of the Outer Hebrides.
In addition to this, in 1988, a total of 7500 ha of
machair situated on the islands of North and
South Uist, Benbecula and Barra was designated
as an Environmentally Sensitive Area (ESA)
(H.M.S.O. 1993). Although the fauna of the
machair land of the Outer Hebrides has probably
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not been as well studied as the flora, the
importance of sand-dune machairs as areas for
animal- and bird-life should not be ignored. The
environmental variability of the machair systems
provides rich feeding and breeding grounds for a
number of different bird species (Angus 1994).
Although the machair is probably best known for
its high densities of wading-birds, two nationally
scarce species - the corncrake (Crex crex) and
the corn bunting (Emberzia calandra) - may
occur in suitable areas of the machair system
(Angus 1994; Chapter 17 this volume).
It is clear from the work already undertaken on
the Outer Hebrides and on the dune grasslands of
Western Ireland, that machair is an
internationally important habitat that is
characterised by a rich diversity of plant, bird
and insect species. However, there is still a
paucity of information with regards to the
machair ecosystem and in particular the detailed
phytosociology of machair systems as a whole
and the plant community dynamics. If the
Western Isles machair is to withstand the effects
of agriculture, erosion and tourism, further
research and even more positive conservation
measures need to be encouraged (see Angus this
volume). Solutions to some of the most pressing
problems have already been attempted on areas
of machair land: under the ESA legislation of
1988 and 1993 that applies to the machair of the
Uists, Benbecula, Barra and Vatersay, crofters
are offered financial incentives on a purely
voluntary basis to manage their agricultural land
using traditional low-impact crofting techniques
and hence limit the use of damaging organic
fertilizers, herbicides and pesticides (Angus
1994; H.M.S.O. 1993). In some areas, the threat
of erosion to the machair has been addressed
through the use of extensive marram planting,
manuring and seaweed distribution (Angus and
Elliott 1992; Buxton 1985). However, the need
for the formulation of further effective
conservation and management strategies for the
machair must be recognised if this unique
landform is to survive the increasing
environmental and anthropogenic pressures of
the twentieth century and beyond.
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ENVIRONMENTAL CONDITIONS OF THE
STUDY SITE
The Outer Hebrides archipelago has long-been
acknowledged as an important area for the study of
various scientific disciplines, largely because of the
islands' geographical position at the extreme western
edge of the Eurasian continent. The Outer Hebrides
are perhaps most famously known as a site of special
botanical interest. In particular, the widespread
machairs of the islands' west coasts are considered to
be an integral part of the Outer Hebridean natural
environment. The origins of the machair and of the
history of human influences and activities are
summarised in Boyd and Boyd (1990), and Owen et
al. (1996).
As an example of the soils and vegetation of the
machair, a detailed survey was undertaken at Kildonan
(HF 741 278) on the Isle of South Uist during June
1995 (Figure I). Situated some 10 km north of
Lochboisdale (NF 789 195). Kildonan lies at an altitude
of approximately S m. a. s. I. The main geological and
geomorphological features of the site have been fully
described by Ritchie (1966, 1979); Kildonan machair
may be briefly described as a low-altitude deflation
plain, underlain b a platform of 3000 million year
old Lewisian gneiss and covered by wind-blown shell
sand. Exposure to the Atlantic Ocean has a marked
effect on the site and the climate is strongly oceanic.
Prolonged periods of frost and snow are relatively rare
and the weather is dominated by the strong prevailing
wind which originates from the south and south-west.
Further information on the climate of the Hebrides
is given in Manley (1979) and Angus (1991).
VEGETATION AND ENVIRONMENTAL
SURVEY
Methods
(I) Sampling strategy. vegetation description and
collection of environmental data Sampling was
deliberately biased to record as much floristic
variability as possible. Quadrats were located at
regularly-spaced intervals within a rectangular area
running west to east, from the cobbled storm beach
to the edge of Upper Loch Kildonan (NF 735 285). All
species of higher plants, mosses, liverworts and lichens
were identified in a total of 215 lm x Im quadrats.
Abundance data within each quadrat were based on
the percentage cover of each species, assessed by eye.
,i...!.
I	 13..
4 '
	
l
NOT1I l
-	
M r.Jc." —
	 '	 •1 -
T., 
..4
S
''V4 1	 k	 '
,	 .....z	 i_-c
- 
I .---	
Kilcoai
;:
Figure 1 Location of Kildonan within South Uist.
At each quadrat, data were collected on slope angle,
aspect and soil/sand depth, and a soil sample was
analysed for pH, percentage soil moisture content,
percentage organic matter, conductivity and
phosphorus, potassium, sodium, calcium and
magnesium contents.
(ii) Analysis of vegetation and environmental data
Definition and classification of the main plant
communities was achieved using Two-Way Indicator
Species Analysis (TWINSPAN) (Hill, 1979).
Ordination of the vegetation and environmental data
was accomplished using the CANOCO computer
program for canonical correspondence analysis (Icr
Braak, 1986; 1987).
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Table 1 Summary of plant community groups produced by TWINSPAN analysis of all 215 quadrats of
the Kildonan vegetation survey, June 1995
	
G... Id	 .p00	 00 ey 4-lUNd l('25 10Nd
17F10000 '3O%b...p)
	
II	 4-id0.00	 100	 L.,,.,*Nd.,,
F.6.. lU.	 100	 Thdj.-....
00
$0
S.. Nd	 SO	 q*UN
70
0
V	 60
60
50
50
4- —
	 II
SI
3	 I	 4.6.00	 Ill
	III 	 4.4d
	
Ill	 C64Nd
L.. ..
	 71
—	 75	 r....... S.TI...._
p_ lUNd	 75
	
75	 T-ØI
	
75	 671..
—	 75	 11601
—	 II	 H..* 6Nd4
4.iNd	 SI	 F,04..4..
II
-	 00
T.. Nd - II
C	 00	 A$0 Nd.IØ'l
	
00	 .a.._.
1p	 II
S	 9	 4	 IN
c___ IS
S.. Nd II
70
is
10
	
—.— 07	 N.'.*.
	
67	 I-00-d
07
p_.	 7
67
67
-	 67
kNd	 16
16
-	 16
_____	 16
-	 14
00
—	 14
14
•	 N	 F...	 IN	 1Nd
____ '7
07
'7
-	 91
07
	
- — N	 —
L	 N	 P...	 1
N
	
75	 G.	 ___
	
— 71	 S., Nd
- I	 71
p.. ..•Nd	 7	 0.4...
7,
- - t -	 4,
L	 .	 41
— .14...	 16
10
$	 00	 F.	 UN	 £.Nd..
F.. .l	 IN	 L
00
r	
..,ø-...	 92	 5
	
92	 004A...
	
97	 P.I. .'.
91*1..	 10	 —
— ..-	 00
L 4.-Nd. IN 70
00
S., Nd	 II
p_	 fl
(__ -	 72
6.4.	 60
—	 60
II
II
-	 10
— 10
l Nd.	 14
P60u... .Nd.	 72
35
SCOTTISH GEOGRAPHICAL MAGAZINE
(..o.ç 0947( C.7)6M501 .507111
—94
II	 36 (•_77 74
RM,..'.6.. —
Rd
10 71y *..0s111.d 75511.7 t'25 10
by Vo.,I50 '30%s...16 b775.1$I
14
SI
70
67
67
SI	 S__ ,S
SI	 54*.. l.
R_ ..*
-
J__. _7,d.
5d,.94.
ll..*...*.s
__14, —
Lq_ -
C.'--
C...9 N...b...( C..46n11.I.ç.tho
II	 57
0.647*47. sth.
P*pnw*..
B.ss ....d
r,o64 ,.s..
45775 117.(47.
(.7*	 sr
,,•_,il..
(hi...
L.... 4k 4.'..
Ii 4	 50—......
45,9411	 47
8... 7*
9......
II	 I	 £11*.	 ,
f..36d5.
16.7
95	 y A7747*.d .p.n.o ('25 %d
bywc (30 450% * b
95.7*_OS
00	 B.IIäp...7*
94
94
U
U
SI
£2	 ..*
52
76
II	 &45064 W
65	 "6357,7.4.
'9
53
33
ISO	 4O477*pm.
75
75	 C4454.pdo
SO
50
50
ISO
ISO
ISO
ISO
Table 2 Means of soil variables for samples within	 Table 3 Means of soil variables for samples within
TWINSPAN groups 1-7	 TWINSPAN groups 8-14
-	 C....'	 C.lI C...,II GpI3 C..1$ 53 C..1$ II
v—I..
1$ SN	 3 I	 1$fl	 71033	 111)6	 12197	 141
-	 70)	 7)6	 1)6	 6)6	 692	 6)6	 6)6
%C.	 3)6	 8)6	 US)	 5)71	 791	 597	 6121
% j_O	 $ 4	 07)6	 6477	 7799	 5117	 7)6))	 03671
2110 1 1	 0291	 57))	 1011	 2116	 597
-v's -.
64	 6*9	 4)	 5)07	 129	 973	 24))
-v's -0
•	 5770	 2916	 10 4	 4716	 2971	 1771	 6)11
_O._	 )6 II 750 S 67711	 7949$ 071194 165291 642710
—v's
7)6 20)20	 1697$	 5)75	 525	 7277	 III
-v's —
C..., I G...p2 C..1$) C... 4 C...9 S .;...,6 C..1$7
C's 11627	 52.75	 5547	 72.11	 SlO	 948)	 0749
pH	 617	 771	 7)6	 746	 771	 7.59	 743
%G	 2.77	 33)	 243	 310	 146	 647	 3.26
10510	 547	 U19	 635	 2033	 74.33	 1110	 7430
-I-
5	 4177	 3409	 2711	 353	 3345	 5513	 4463
--0
P	 2.91	 506	 327	 179	 437	 5.54	 737
-16
•	 4177	 2443	 35.01	 3040	 3541	 2617	 21135
-v's-H
C	 1663)6 635030 1115 19 746397 737906 730639 755549
--0
29111	 23699	 22910	 2422	 25173	 23911	 26131
--0
36
KILDONAN MACHAIR
Results
Vegetation characteristics TWINSPAN analysis
identified fourteen plant communities, summarised in
Table 1. Where possible, these plant groups have been
related to previously recognised communities,
including those of the National Vegetation
Classification (NVC) and Pankhurst (1991).
Group 1 represents a gradation from foredune to
yellow dune. The characteristic presence of Elymus
juncea, Festuca rubra, Galium verum, Plantago
lanceolata and Achillea millefolium suggest that this
group is closely related to that of the NVC SD6a
Elymusfarcius/SD6e Fesluca rubra sub-communities.
Dargie (1991) has recorded an SD6a/e intermediate
community from South Uist, although this category
is also comparable to the Group B foredune
community described by Kent et al. (1996) on Barra,
Vatersay and Sandray.
Characterised by an abundance of Ammophila
arenaria, Festuca rubra and Agropyron repens, Group
2 exemplifies a more mature stage of the mobile dune
system and closely identifies with the Ammophila
arenaria yellow dune community of Pankhurst (1991).
Groups 3, 4, 5, 6 and 7 taken together account for
over half the total data set, and encompass the many
different vegetation types which occur from the rear
of the seaward yellow dunes, through the grassland
quadrats of the true machair plain to the slopes of the
inner 'Ritchie' dunes.
Group 3 represents a SD7 Ammophila arenaria -
Festuca rubra semi-fixed dune grassland. Increased
species diversity, and the dominant presence of Fertuca
rubra, Plantago lanceolata. Senecio jacobaea.
Trtfolsum repens. Euphras:o officinalis agg., Gahum
verum, Ach:llea millefolium, Lotus corniculatus and
Beibs perennis, indicate that the machair plain and
machair dune quadrats of Group 4 can be related to
the NVC SD8 Festuca rubra - Galium verum fixed
dune community. Identifying sub-community types is
difliculi as the SD8c Tortula rurahs ssp. ruraliformis,
SDS4 Ranunculus acrzs - Bellis perennis and SDS4
Prunella vulgoris sub-communities have all been
recorded from Kildonan (Dargie, 1997).
Groups 5.6 and 7 are all examples of cultivated
machair grassland, distinguishable from Group 4 by
the characteristic occurrence of agricultural weeds,
including Erophila verna, Stellaria media and
Chrysanthemum segetum.
Both Group 8 and Group 9 are representative of
quadrats taken from low damp machair, including
dune slacks and slack margins, and are dominated by
an 100 per cent cover of Agrastis stolonsfera.
Recognised as a 'damper element occurring in
depressions in machair and on the margins of dune
slacks' by Gilberison et al. (1994). Group 8 also
appears to be directly comparable to the 'inland
machair grassland community' (Group I) recorded by
Kent et al. (1994). and to the NVC MGII Fesluca
rubro - Agrosts solornfera - Potenlilla anserina
inundation grassland (Dargie, 1997).
Although flonstically very different. Groups 10 and
II are both examples of vegetation types occurring in
the wet machair matrix grading to the margin of Upper
Loch Kildonan. Samples in Group 10 were taken from
previously cultivated areas of wet machair plain, and
the residual effects of agricultural management are
indicated by the presence of bere (Hordeum sp.).
Group 11 appears to represent a Potentilla anserina
- Carer nigra poor fen community (Pankhurst 1991)
and has been previously described for South Uist as
a SDI7 Pogentilla anserina - Cater nigra dune slack
(Dargie,in press), and as a Potentilla anserina - Cater
nigra - Vicia cracca inner machair community (Kent
et al., 1994).
Quadrats in Group 12 were taken from areas of wet
machair as well as from slack margins within the dry
machair matrix, and are dominated by Ranunculus
repens, Rhinanthus minor and Poa pratensis.
Closely related to the Eleocharis palustris swamp
communities described by Pankhurst (1991), Kent et
al. (1994), and Dargie (1997), Group 13 is characterised
by an 100 per cent cover of standing water and an
abundance of Eleocharis palustris and Agroslis
stolon ([era.
Group 14 is comprised of a single quadrat.
Menyanthes trifoliata, Galium palustre, Fontinalis
anti-pyretica and standing water all achieve 100 per
cent constancy by group in this community.
Vegetation - environment relationships. The joint
biplot of sites and environmental variables produced
by canonical correspondence analysis of all 215
quadrats is presented in Figure 2. TWINSPAN groups
1-14 are superimposed. Analysis of vegetation and
environmental data from all 215 quadrats resulted in
a clustering of points around the centre of the
ordination diagram. The CANOCO analysis was,
therefore, re-run several times, resulting in a gradual
deletion of outlying sites and a dispersal of points
around the ordination axes (Figure 3). The final
analysis was run with 198 quadrats. The quadrat-
environment biplot from this analysis is presented in
Figure 3. Soil moisture content and soil conductivity
are the prevailing environmental gradients controlling
the distribution of machair communities at Kildonan;
this point is confirmed by Figures 4 and 5.
Figure 3 reveals an obvious dichotomy within the
machair habitat. TWINSPAN groups 1-7 which are
representative of the dunes and drier machair are
situated on the left hand side of the ordination.
TWINSPAN groups 8-14 from the loch edge habitats
and wetter machair zones are located on the right hand
side of Figure 3.
MACHAIR SOILS
Full accounts of machair soils, and of the soils of the
Outer Hebrides in general, are given by Glentworth
(1979), Boyd and Boyd (1990) and Hudson (1991).
Machair soils are generally considered to be immature,
poorly evolved soils, and are best described as aeolian
sand with regosols (Glentworth, 1979; Boyd and Boyd,
1990). Such soils are characteristically composed of a
poorly developed 'A' horizon lying on wind-blown
shell sand parent material.
37
SCOTTISH GEOGRAPHICAL MAGAZINE
Figure 2 Joint biplot of sites and environmental variables produced by canonical correspondence analysis of
all 215 quadrats
The soils of the machair system at Kildonan can be
broadly divided into those soils characteristic of the
dunes and drier machair (i.e. TWINSPAN groups 1-7),
and those representative of the dune slacks, wet
machair and loch margins (i.e. TWINSPAN groups
8-14). Means of soil variables for samples within
TWINSPAN groups 1-7, and groups 8-14, are shown
in Tables 2 and 3, respectively. Soils of the dunes and
dry machair matrix tend to be free-draining, light and
lime-rich with a high pH and relatively low amounts
of soil nutrients. In contrast, the soils of groups 8-14
exhibit high conductivity, and increased soil moisture
and organic matter contents, relative to groups 1-7.
On the whole, soil nutrient levels are also increased,
compared to those of the drier dunes and machair
areas.
The soils of the machair at Kildonan are of further
interest because they exhibit a type of
microstratification known as 'machair sedimentary
stratification' (Gilbertson et al., 1995). Machair
stratification is exclusively associated with the
vegetation of the machair grassland (TWINSPAN
group 4) and is invariably underlain by a palaeosol.
Machair deposits showing such stratification generally
consist of alternate horizons of '(1) white/grey to
brown comminuted shell sand (sometimes graded) 1-3
mm thick with a sharp lower boundary and (2) grey
to black peaty shell sand, not visibly graded, variously
1-4mm thick, with a bioturbated and/or diffuse lower
boundary' (Gilbertson et al., 1995). This machair
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Figure 3 Joint biplot of sites and environmental variables produced by canonical correspondence analysis of
the final 198 quadrats
itratification is believed to result from the deposition
of materials From two sources: (i) cakareous shell-sand
From exposed surfaces, such as eroding sand dunes.
and rabbit burrows, and (ii) organic debris from
topsoils and the decay products of plant and animals
on the original surface of the land. A more complete
account of the stratification of machair soils may be
found in Gilberison et al. (1995).
RESOURCE MANAGEMENT
Areas of machair land have always been attractive to
human settlers (Ritchie, 1979) and the wealth of
archaeological middens and other remains at this site
(personal observation), suggest that Kildonan is no
exception. The machair at Kildonan has supported
agricultural activity for thousands of years, and land
use has not changed significantly since Neolithic times.
Kildonan machair is still subject to the traditional
crofting practices of lazy-bedding for the provision of
potatoes for domestic use, and the rotational
cultivation of cereal crops, including an indigenous
form of bere (Hordeu,n sp.), small oats (Avena
si rigosa) and rye (Secale cereale), as a source of
livestock fodder.
The low intensity crofting agriculture employed at
Kildonan has undoubtedly played an important part
in maintaining the rich botanical characteristics of this
site. However, the ever-present threat of the
introduction of modern agricultural techniques,
combined with heavy grazing by stock and a large
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Figure 4 Values for S1. soil moisture content for the final 198 quadrats
rabbit population, will inevitably lead to widespread
sand-blow and the destruction of the surface
vegetation of the machair. The need for formulation
of effective conservation and management strategies
for the Hebridean machairs must, therefore, be
recognised if the unique ecology of sites such as
Kildonan are to survive the increasing environmental
and anthropogenic pressures of the twentieth century
and beyond.
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